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 Fuel cell based breath alcohol sensors (BrASs) are one of the most important tools used 
by law enforcement today. The ability to screen potentially intoxicated subjects with the ease, 
speed, and flexibility the BrAS can provide is unmatched by any other device of its kind. While 
these devices are used globally, they all suffer from a common deficiency: reliance on water. The 
ability of the fuel cell sensor to manage water content is one of the greatest fundamental 
challenges facing this technology today.  
 In order to evaluate the fuel cell sensor device, a methodology was required that would 
allow in-house sensor testing to be coupled with a diagnostic testing method to not only test 
materials sensing performance, but also determine why a sensor behaved how it did. To do this, 
a next-generation fuel cell was designed specifically for sensor testing along with a test station 
that allowed for rapid response and sensor characteristics of a given material. The fuel cell was 
designed to allow in-situ testing of a membrane electrode assembly (MEA) of interest using cyclic 
voltammetry and electrochemical impedance spectroscopy. The in-house design was validated 
against a commercial cell to provide feedback on how materials in the in-house cell would behave 
in a commercial designed unit. The results showed that our cell with a commercial MEA behaved 
identically to a commercial cell with the same MEA.  
 Following validation of our cell, common membrane materials were investigated to 
identify their suitability in a senor role. The materials chosen were designed for power generating 
devices, so they provided a benchmark to identify which properties would be important for 
sensor operation. It was found that while the Nafion membrane and sulfonated poly (ether ether 
ketone) did show performance increases over the commercial MEA, the thin characteristics of 
these membranes limited performance in drier conditions. From these results, it was determined 
that thicker membrane materials are better suited for sensor applications. 
 The commercially used porous poly-vinyl chloride (PVC) membrane was investigated and 
modified to improve performance of this material. As PVC does not contain any natural 
hydroscopic properties, the addition of various hydrophilic groups to the PVC would aid in water 
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management. It was found that while chemical modification could improve water retention, 
optimization of the modifications would be required to ensure flooding was not an issue. 
Composites of PVC and sulfonated silica showed performance that matched that of the 
commercial PVC, whilst using significantly less water to achieve those results. By reducing the 
water required for sensing, leaching of acid, as well as flooding could be reduced.  
 Finally, the catalyst layer and gas diffusion layer (GDL) were investigated to understand 
what properties of these would impart the best performance increases for the sensor. For the 
catalyst layer, it was found that platinum black and 20% platinum supported on carbon achieved 
similar results. Platinum black has excellent catalytic activity for the ethanol oxidation reaction, 
while the surface area of the 20% platinum supported on carbon would allow for more ethanol 
to react, increasing the overall sensor capability. The choice of catalyst was less of an issue than 
the choice of GDL. It was found that using carbon fiber paper GDLs lead to greater retention of 
water in the MEA compared to carbon cloth GDLs due to the lower air permeability. This came at 
a cost however in that with a lower air permeability, less ethanol vapour would reach the catalytic 
sites, reducing sensing performance. Depending on the choice of membrane, removal of the GDL 
could impart performance increases, but could also cause detrimental failure in the case of 
Nafion based systems. 
Keywords: Proton exchange membrane fuel cell, sensor, fuel cell sensor, breath alcohol sensor, 
breathalyzer, electrochemistry, poly-vinyl chloride, ethanol oxidation, water management, 
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1.1 INTRODUCTION 
1.1.1 Breath Alcohol Testing in Canada 
 Ethanol-containing beverages (commonly referred to as alcohol) have been consumed 
since the dawn of modern civilizations over 7000 years ago [1]. Ethanol is consumed for its 
euphoric affects without regard to the many side effects of over-consumption with the most 
substantial being delayed motor responses, loss of concentration, and dizziness [2]. With the 
introduction of the automobile at the end of the 19th century, regulations on ethanol 
consumption and driving became very important. With the rise of alcohol-related accidents 
through the early 20th century, countries began passing laws that prohibited the operation of a 
motor vehicle if intoxicated [3]. Canada introduced a legal limit of ethanol in the blood 
(commonly referred to as blood alcohol content (BAC)) in December 1969 to the Criminal Code 
of Canada (Section 235). Since this introduction, it is now illegal to operate a motor vehicle when 
the BAC is greater than 0.08 g/dL, which is equivalent to 80 mg of ethanol per 100 mL of blood. 
This law also allows law enforcement to issue mandatory roadside alcohol tests using approved 
devices.  
 While the BAC definition is defined for the amount of ethanol in the blood, obtaining a 
blood sample for a road side test is very invasive and time consuming. Breath alcohol testing can 
be used as an alternative to taking a blood sample due to a well-known and defined relationship 
between the quantity of ethanol in the blood to the concentration of ethanol in the alveolar air 
inside the lungs. This ratio has been defined as 2100:1 for blood-to-air, respectively [4]. While 
breath alcohol testing cannot currently be used for evidentiary purposes, it does allow law 
enforcement to use it as a screening tool to order further tests to confirm BAC.  
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 Four main types of breath alcohol sensors have been used by law enforcement in Canada. 
The first were based on gas chromatography (GC) methods, in which a sample was pumped 
through a column and detected using flame ionization. This technique, however, was not 
preferred as the hydrogen tank that provided the flame proved hazardous for road side testing 
[3]. The second test used n-type semiconductors which produced an electric charge when 
ethanol interacted with the surface of the semiconductor [3]. These were used until 1993, at 
which point Canada removed it as one of the approved devices as there had been many cases of 
unauthorized modifications to improve accuracy since semiconductor sensors responded to any 
analyte that interacted with the surface, not just ethanol [3]. The third technique is also the most 
accurate: infrared (IR) spectrometry. By detecting the various wavelengths of an ethanol sample, 
one can determine the amount of ethanol in a given sample. Problems do arise however when 
acetone is present in the breath, which can interfere with sampling, but this can be avoided by 
taking multiple wavelengths [3]. The major issue with these devices is the bulkiness; they are very 
large and must be carried in the trunk of a car, and therefore do not allow for the same ease of 
use compared to the other devices on this list. Finally, the fourth approved device used in Canada 
is an electrochemical cell, more commonly referred to as a fuel cell. This device will be the focus 
of this work and will be described in more detail in the following sections. 
1.2 THE FUEL CELL DEVICE 
1.2.1 Proton Exchange Membrane Fuel Cells 
 The first fuel cell device was discovered by accident in 1839 by Sir William Grove [5,6]. 
The principles of the fuel cell have remained unchanged since this discovery. Grove discovered 
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that when hydrogen and oxygen reacted on a platinum surface, an electrical current was 
produced. This set the foundation for a new field of science and technology that is currently being 
explored for many different applications today [6,7].  
 A schematic of the modern proton exchange membrane fuel cell (PEMFC) can be found 
in Figure 1.1. 
 
Figure 1.1: Schematic of a Proton Exchange Membrane Fuel Cell. Adapted from Reid [8].  
The PEMFC functions as follows: a fuel (usually hydrogen) is introduced into the anode 
compartment of the fuel cell. The hydrogen is oxidized (known as the hydrogen oxidation 
reaction, or HOR) to produce protons and electrons. The electrons will move through an external 
circuit to perform electrical work while the protons will traverse a material known as the proton 
exchange membrane (PEM) to the cathode. At the cathode, an oxidant (usually oxygen) is 
reduced (known as the oxygen reduction reaction, or ORR) in the presence of the protons and 
electrons from the anode to produce water. The overall chemical reaction for this process can be 
















 While Equation 1.1 is the simplified overall reaction, the properties of the HOR and ORR 
are fundamental for the operation of the fuel cell. The overall reaction can be broken down into 
their individual half-cell reactions, as well as standard oxidation/reduction potentials (E°): 
 → 2 2 ° 0  Equation 1.2
 4 4 → 2 ° 1.23  Equation 1.3
The overall reaction involves a fuel (hydrogen in this case) and an oxidant (oxygen) to produce 
water and a current with a theoretical potential of 1.23V at STP. When a constant supply of fuel 
and oxidant are used, the fuel cell can operate indefinitely, providing a very reliable source of 
current [7].  
 The heart of the fuel cell is known as the membrane electrode assembly (MEA). The centre 
of the MEA is the PEM, seen in Figure 1.2 in yellow. The PEM allows the protons to cross from 
the anode to the cathode while preventing electrons from traversing. The membrane is usually a 
perflurosulfonic acid (PFSA) material, with the most common material known as Nafion  
(Figure 1.3). The PEM is sandwiched between the anode and cathode. Directly attached to the 
PEM on both sides is the catalyst layer (CL). The catalyst typically consists of either platinum black 
(Pt) or platinum supported on carbon (Pt/C) to act as the catalyst for the HOR and ORR. Along 
with the catalyst, binder (or ionomer) material is used to hold the catalyst together. In the case 
of ionomers, proton conductivity is also improved within the CL. The binder is usually Teflon 
(more commonly referred to as Polytetrafluoroethylene, PTFE) (for Pt) or Nafion (for Pt/C). In the 
case of a gas diffusion electrode, the catalyst layer is supported by the gas diffusion layer (GDL). 
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This layer consists of either a carbon paper or carbon cloth material whose purpose is to provide 
structural support and allow the reactant gases to reach the catalytic sites, while preventing 
water from blocking the pores to the sites [7]. It also serves as a current collector to transfer 
electrons to the external circuit. 
 
Figure 1.2: Membrane Electrode Assembly for a modern fuel cell. Adapted from Reid [8]. 
 
  
Figure 1.3: Structure of Nafion 
 While the majority of PEMFCs use hydrogen as a fuel source, it is not the only type of fuel 
that can be used. Other fuels can be used that are readily oxidized, including various short 
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1.2.2 Ethanol Proton Exchange Membrane Fuel Cell 
 In the 1960s, researchers in Vienna discovered that fuel cells are also reactive towards 
alcohols, including ethanol [9,10]. The principles of a direct ethanol fuel cell (DEFC) are similar to 
that of a hydrogen based fuel cell. The significant difference is the anode reaction: ethanol, being 
more complex, can undergo various oxidation reactions depending on the catalyst and conditions 
under which the fuel cell is used [11,12].   
 → 2 2  Equation 1.4
 → 4 4  Equation 1.5
 3	 → 2 12 12  Equation 1.6
While the reaction can potentially yield 12 electrons per ethanol molecule, it has been found the 
major oxidation product on platinum-based surfaces (including alloys) is the conversion of 
ethanol to acetic acid, yielding 4 electrons [13,14].  
 While DEFCs are currently being investigated as high energy density power generating 
devices [15-17], taking advantage of the fact that there is a well-defined conversion of current 
generated to ethanol reacted, it is possible to exploit the use of a DEFC as a sensor device. 
Additionally, taking the advantage of the 2100:1 ratio of ethanol in the blood to ethanol in the 
lungs, one can use a DEFC to accurately determine the ethanol in a subject’s breath sample; and 
therefore, their blood. This ethanol fuel cell sensor, or BrAS, is currently used by law enforcement 
and in vehicle interlock devices. 
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1.3 ETHANOL FUEL CELL SENSOR  
1.3.1 Current Commercial Systems 
 An example of a modern commercial BrAS can be seen in Figure 1.4.  
 
Figure 1.4: Commercial MEA and fuel cell sensor device 
The cathode and anode of this particular sensor are composed of platinum black with a loading 
of 13.7 mg/cm2 [18]. There is no GDL present on this MEA. The PEM is a poly-vinyl chloride (PVC) 
porous substrate that has been filled with 4M sulfuric acid. PVC was chosen as it is chemically 
inert and was previously produced in high quantities for battery separators [19]. Two platinum 
wires connect the cathode and anode to an external device. The MEA is housed in a plastic shell 
in-which the cathode compartment is sealed, but with air present within (as an oxygen source 
for the ORR). The anode is open with an inlet/outlet to allow ethanol vapor to be drawn in for 
sensing. 
 The ethanol vapour is drawn into the anode compartment using a solenoid pump to 
control the volume introduced. Ethanol present within the sample will react on the platinum 
surface to produce electrons (charge). As stated, this charge is proportional to the amount of 
ethanol reacted. While it may not be possible to determine the exact number of ethanol 
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molecules reacted due to the complexity of the ethanol oxidation reaction, a signal response 
against a calibrated breath alcohol concentration (BrAC) standard can be created. 
 
Figure 1.5: Modern Breathalyzer schematic with commercial fuel cell present 
   
Figure 1.6: Raw data and sensitivity plot for Dräger MEA in commercial cell. A.) and B.) are the raw current plot 
for the commercial MEA in the A.) commercial fuel cell and B.) our in-house fuel cell. C.) is the sensitivity plot 
created from the raw data for both cells [20].  
 In order for a calibration curve to be valid, the same MEA used to create the calibration 
curve must be used to obtain the sensor response. The response can be measured both 
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provides greater linearity in the calibrated sensor plots [21]. For the purpose of this study, all 
sensor performance experiments were conducted using the amperometric method with the 
charge being used as the signal.  
1.4 FACTORS THAT AFFECT SENSOR PERFORMANCE 
 While sensors based on ethanol fuel cells have been used commercially since the 1970s 
in Canada, the literature that investigates their performance is extremely limited. Very few 
papers have explored the commercial design using platinum black and PVC, and the ones that 
have are decades old [22]. The most recent works that have investigated the sensor use the more 
modern Nafion PEM with much lower platinum loadings without comparing to the original 
commercial cell [4,12,23]. With the lack of information in regards to sensor performance, the 




 The electrodes used in commercial BrASs employ a high loading of platinum black with a 
PTFE binder. Platinum black was the preferred catalyst for almost all fuel cell applications in the 
1970s [10]. Due to this fact, commercial sensors still use platinum black as the standard catalyst, 
even though more modern designs using platinum on carbon or alloys have since been created 
[10,14,16].  
 Platinum black does offer some advantages over Pt/C. It has been found that with regard 
to the ethanol oxidation reaction, platinum black provides better performance over Pt/C [12]. It 
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has been found when using Pt/C, the primary product in the reaction of the oxidation of ethanol 
is acetaldehyde, which yields two electrons. Platinum black promotes the major product of acetic 
acid, yielding 4 electrons [12]. It is thought that when Pt/C is used, ethanol will bind to the 
platinum, react to produce acetaldehyde and desorb completely. When Pt black is used, ethanol 
adsorbs to form acetaldehyde, which desorbs, but due to the greater number of active sites, can 
re-adsorb to react and form acetic acid, being the majority product [12]. Platinum has also been 
found to be the best material known to oxidize alcohols and be able to break carbon-carbon 
bonds, allowing for the formation of CO2 [24]. Therefore, using Pt would theoretically produce 
more electrons, which in-turn would create a larger charge and enhanced sensitivity to ethanol 
oxidation. 
 Even with these advantages, there are some major limitations to using pure platinum for 
catalytic purposes. The most obvious is that by using pure platinum, the cost will be higher. 
Platinum is one of the most expensive elements on earth (price as of February 11th, 2016 is 
$936.10/oz), and using an electrode of pure platinum would drive up the cost of the device. As 
well, using pure platinum is wasteful as not all platinum is found at the surface. Reactions take 
place on the platinum surface, and since most platinum would be found inside the particles, not 
all the platinum could be accessible. This can be visualized in Figure 1.7. When platinum black 
agglomerates together, they form spheres. Figure 1.7 depicts three platinum particles. The black 
outline represents the surface of these particles that are available for catalytic activity. There, 
ethanol can react to form its various oxidized products. The red fill represents platinum black that 
is not available for ethanol oxidation. The platinum here is only used to conduct electrons 
produced, acting as a very expensive electronic conductor. 
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Figure 1.7: Platinum Black particles visualization. Black outline represents the surface of the platinum particle. 
The solution to this is to create smaller particles, but there is a limitation on how small the 
particles will get before agglomeration and Ostwald ripening (combination of smaller particles to 
form larger particles) becomes an issue [25]. The second solution was to put the smaller platinum 
particles onto support such as carbon, hence using the carbon as the electron conductor and 
allowing smaller platinum particles to adhere to this carbon to increase their overall surface area 
and reducing platinum waste. As well, the platinum particles are further apart when adsorbed to 
the carbon surface, which will reduce the chance of agglomeration.  
 Another major factor is that while platinum does have the best catalytic activity towards 
ethanol oxidation, pure platinum is susceptible to being poisoned by carbon monoxide (CO) 
[24,26]. Due to the complexity of the ethanol oxidation reaction, CO can be produced as a by-
product and has been detected as an intermediate of the EOR on platinum by others [27]. This 
can greatly reduce the performance of platinum over time if the CO is not removed. While there 
has not been a significant investigation of catalysts for ethanol sensing, catalyst performance has 
been investigated for DEFCs. It has been found that alloys such as platinum-tin (Pt-Sn) and 
platinum-ruthenium (Pt-Ru) have significantly better performance compared to that of pure 
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platinum systems for ethanol oxidation when CO is present [16,24]. These alloys have a greater 
potential of removing the poisoning CO adsorbed to the platinum surface, keeping it clean and 
readily available for ethanol oxidation. While investigation in improving catalytic performance is 
a worthwhile avenue to improve overall sensor performance, this is beyond the scope of what is 
presented here. 
1.4.1.2 Hydration of the Catalyst Layer  
 The EOR will produce electrons and protons. The electrons themselves can move through 
the platinum particles (in Pt electrodes) or the carbon and platinum (in Pt/C electrodes) to get to 
the external circuit. The protons, on the other hand, need to diffuse from the catalyst site into 
the PEM. In order for this to happen, a proton conducting medium is required to move the 
protons to the membrane. This occurs in a hydrated environment and is where a balanced 
hydrated catalyst layer becomes imperative, especially in the case of the binder PTFE.  
 The ethanol vapour (gas) diffuses to the platinum in the catalyst layer. The electrons 
produced move through the platinum particles (solid) to the external circuit, while the protons 
move into the electrolyte (liquid). These three phases must be present all in the same location 
within the catalyst for this reaction to take place, and thus these locations are given the term 
“triple phase boundary” (TPB). This can be visualized in Figure 1.8.  
 The TPB is where the catalytic reaction takes place. It requires three phases: an ionic 
phase (to conduct protons), a gas phase (to diffuse reactant gases) and an electronic phase 
(catalyst site/electron conductor). 
- 14 - 
 
 In Figure 1.8, three pore structures can be identified. It should be noted that catalyst 
layers are porous to both gas and liquid. If there is too much water (as seen in the bottom channel 
in Figure 1.8), then gas cannot diffuse as gas diffusion in a liquid medium is very slow [28-30]. If 
there is no water present, then protons have no ability to diffuse, and hence reactions cannot 
take place. This is where the importance of PTFE is demonstrated. PTFE is a hydrophobic polymer 
that not only holds the platinum particles together, but prevents water from the PEM from 
saturating the pores in the CL [31]. If there is excess PTFE (Figure 1.8 in the top channel), then it 
prevents any water from coming into contact with the gas phase, and hence catalytic activity 
cannot occur in that location. If there is enough PTFE in the pore to allow some water in, but also 
to allow for gas diffusion, then catalytic activity will occur on the platinum sites in that pore. This 
is visualized in Figure 1.8 in the central pore, with the TPB sites indicated in purple. While the 
loading of the binder is dependent on the type of catalyst used, the material used in this study 
have a nominal loading of PTFE (or Nafion for Pt/C catalysts) of 30% by weight to the mass of 
platinum or platinum on carbon [32].     
 
Figure 1.8: Three Phase Boundary visualization 
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 Since the commercial cell uses a liquid electrolyte (further discussion on this in a 
subsequent section), water is the primary medium for proton transport found within the catalyst 
layer. Water can be added to the system by numerous processes including: atmospheric 
absorption into the PEM that diffuses to the electrodes, over-humidified gases, and back-
diffusion from the cathode [29]. Water will also evaporate from under dry conditions from both 
the PEM and electrodes. Therefore, the state of hydration within the catalyst layer is never fixed 
and changes in humidity will greatly influence the overall performance of the catalyst material. 
It has been found that in the commercial sensor MEAs, a dry gas will greatly increase the ionic 
resistance within the catalyst layer as water is evaporated from the system while a very wet gas 
can flood the catalyst layer, reducing performance [18].  
1.4.2 Proton Exchange Membrane 
1.4.2.1 Ionic Conductivity 
 In terms of fuel cells and sensors, ionic conductivity refers to the movement of protons 
through the proton exchange membrane. The purpose of the PEM is to move protons, and hence 
the goal of a PEM is to have as high of an ionic conductivity as possible while having zero 
electronic conductivity.    
 Proton conductivity (σH+) can be described by Equation 1.7: 
 Equation 1.7
where F is Faraday’s constant, [H+] is the proton concentration in the media, and  is the 
proton mobility in the media [33]. Since F is constant, the two major factors that contribute to 
ionic conductivity is the concentration of the protons in the medium, as well as the proton 
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mobility within the given medium. In the commercial cell, PVC is used as the matrix to hold a 
sulfuric acid solution as the electrolyte. Based on the formula above, one would speculate the 
higher the proton concentration or mobility, the better the ionic conductivity. Early theoretical 
calculations showed that stronger acids in higher concentration would lead to better 
performance [34]. However, it was found that concentrations between 4-5M yielded the best 
results. Practically speaking, stronger acids would degrade internal components such as the PEM 
matrix and electrode much quicker than a lower concentration acid. This mechanism also 
includes platinum dissolution into the matrix [35]. As well, oxygen and hydrogen dissolution 
increase with increasing acid concentration, and at concentrations above 5M sulfuric acid, 
performance decreased. One suspect for this loss was the dissolution of the reactant gases into 
solution, rather than reacting on the catalytic surface [34]. Therefore, 4M sulfuric acid was 
chosen as the primary concentration in these commercial cells [22,34].  
 The second factor affecting proton conductivity is proton mobility. The protons move 
through a solution through a process known as “the Grotthus Mechanism” [36,37]. While the 
exact mechanism is not well defined, the general idea is that protons “hop” from one water 
molecule to another, creating various acidic species such as “H5O2+” [38]. This method is highly 
dependent on the concentration of H3O+, and is thus very closely related to the overall acid 
concentration [38,39].  While acid concentration is extremely important to explain proton 
conductivity, a second very important factor closely related to acid concentration is the hydration 
state of the membrane.  
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1.4.2.2 Hydration state of the PEM 
 While protons need to move from the anode to the cathode, they cannot do that with 
water alone. For a PEM, the hydration state of the material will determine whether the PEM will 
conduct protons. Research has clearly shown a trend between hydration state and performance 
of the PEM; if the membrane is dry, performance is poorer than when hydrated [40-44]. This 
applies not only to the electrolyte-filled matrix of PVC, but to Nafion, sulfonated poly (ether ether 
ketone) (SPEEK), and any protonic conducting material. For materials such as Nafion and SPEEK, 
the hydration is closely related to the number of sulfonic acid groups present within the 
membrane, known as the degree of sulfonation (DS). This concept will be explored in greater 
detail in Chapter 4.  
 For the commercial BrAS MEA, there are no sulfonic acid groups present which are 
chemically bonded to the polymer. Therefore, the hydration is highly dependent on the water 
present in the electrolyte. As with the catalyst, the amount of water within the membrane 
changes dynamically. Leaking, evaporation, and osmotic pressures can lead to loss of water 
within the PVC, which greatly reduces the overall performance.   
1.5 IMPROVING THE COMMERCIAL CELL 
1.5.1 Catalyst 
 As stated, the catalyst contains 13.7 mg/cm2 platinum black with Teflon binder. The high 
platinum loading on its own detrimentally increases the price of this MEA. As well, more recent 
research has found that loadings of platinum black over 4 mg/cm2 do not yield a significant 
increase in the number of electrons produced per ethanol molecule [12]. Therefore, one 
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potential solution is to drop the platinum loading from the ca. 14 mg/cm2 to a more reasonable 
loading as to not waste platinum and reduce cost.  
 A second consideration for catalyst improvement is to investigate more modern catalyst 
designs. Modern power generating catalysts use carbon supported platinum with loadings of 0.5-
1.0 mg/cm2 with Nafion binder [6,7,45]. While Pt does have better overall catalytic properties 
than Pt/C, the use of modern deposition techniques enables the performance difference to be 
minimized. Additionally, switching from PTFE binder to Nafion could help improve water 
retention within the catalyst layer. Nafion has hydrophobic regions which would repel water, but 
also hydrophilic regions with well-defined channel forming characteristics for water [46]. It has 
been found for power generating devices that Nafion does improve performance for the fuel cell 
overall compared to when PTFE is used as the binder. Compared to PTFE, Nafion is able to create 
more TPB locations near the catalyst surface. In this case, PTFE would block the catalyst rather 
than help form the TPB [47-49].  
 Next, rather than use the common binder material, another option is to investigate a new 
electrode structure known as a carbon ceramic electrode (CCE). These replace the Nafion/PTFE 
polymer with sol-gel based silanes acting as the binder. Figure 1.9 shows an example of the sol-
gel reaction to form a silica or silicate material:   
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Silica materials are intrinsically hydrophilic. They have a greater affinity for water than even 
Nafion, and can act as a binder through a process known as the “sol-gel” reaction. Figure 1.9A 
shows how a silane molecule (known as tetraethylorthosilicate (TEOS)) reacts to form the 
polymer, with a Si-O-Si linkage holding the two molecules together. Under the right reaction 
conditions and in the presence of a Pt/C material, the sol-gel will incorporate in and around the 
platinum particles to form both the binder and act as a water management material [50]. Through 
the combination of the correct ratio of various silanes, electrodes that have replaced Nafion with 
silanes have shown very good promise in power generation devices [51]. While flooding was a 
concern in high humidity conditions, it was found that in low humidity the performance of the 
silane material was actually better than that of Nafion based binders when the same catalysts 
are used. As well, silane materials come in many forms, from the TEOS molecule described above 
to silanes that have a sulfonic acid groups which can aid in conducting protons. This increases 
proton conductivity as well as hydration effects. The incorporation of these binders into catalyst 
materials for ethanol sensors could serve to be a useful improvement to performance in the 
catalyst layer.   
 
Figure 1.9: Sol-Gel reaction mechanism 
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 Finally, while not intrinsically part of the catalyst layer, the GDL plays an extremely 
important part in fuel cell performance. Previous work has found that without the GDL, 
dehydration becomes a greater issue [18]. It has been found that the GDL plays an important role 
in power generating devices. As stated, the purpose of the GDL is to prevent water from flooding 
the gas pores to allow gas to diffuse into the catalyst layer. Without a GDL, it has been determined 
that water transport is significantly increased [30]. For a sensor, this means that water can readily 
evaporate from the catalyst layer and leak from the membrane. In a dry environment, this can 
lead to greater water loss than in a material with a GDL. Consequently, if the GDL is too thick, gas 
mass transport to the catalyst site becomes an issue and performance can suffer [30].  
 One of the biggest challenges to improving the commercial cell is the application of the 
catalyst to the commercial PEM, which is PVC. Recent literature that have investigated ethanol 
fuel cell sensors use Nafion as their PEM. Using Nafion has the significant advantage of very well-
defined and explored methods to create MEAs using Nafion and a large host of different catalysts 
and deposition techniques [7,45,52-54]. The literature related to depositing substances onto PVC 
is outdated and usually involves gold plating the PVC using a vacuum deposition technique and 
electrodepositing the platinum onto this gold [19,22]. This method, however, would not consider 
the PTFE binder, and literature review does not definitively state how the catalyst is deposited. 
This raises concerns about the catalyst soaking into the large pores of the PVC membrane. Since 
the commercial cell also does not use a GDL, one cannot say for certain that the electrode is 
deposited onto the GDL first, then pressed onto the PVC, as is the case for many Nafion-based 
MEAs [7,45].  
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1.5.2 Proton Exchange Membrane 
 The electrolyte for a commercial cell is composed of a PVC porous matrix, with 4M sulfuric 
acid filling the pores to carry the protons. While the PVC matrix itself is not technically considered 
a proton exchange membrane, industry tends to use this term for this material. This terminology 
will also be used to define this material. 
 
Figure 1.10: A.) Optical image of PVC matrix. B.) SEM image of PVC matrix. Note the porous structure of the PVC. 
Pores and pressed spheres are ca. 10 µm in diameter. 
Before acid loading, a gold layer is deposited onto the PVC to improve the electronic conductivity 
for the catalyst [19,55]. PVC is inherently hydrophobic, and thus water management within the 
proton exchange membrane is dependent on the electrolyte. Under high humidity conditions, 
the sulfuric acid (hygroscopic) will absorb water from the atmosphere, causing the volume of 
liquid within the PVC to increase. This has the potential to cause leaching of the acid out of the 
cell, or flooding the cell [21]. Under dry conditions, the water within the electrolyte will evaporate 
out, causing the overall liquid volume to decrease.  This significantly increases the ionic resistance 
within the membrane [18].  
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 The most obvious solution to the drawbacks of PVC is to investigate commonly used 
power generating PEMS, including Nafion and SPEEK. Nafion has been investigated previously as 
stated, but the properties of the Nafion at high and low relative humidities (RH) were not 
investigated. There are also other concerns with Nafion and SPEEK. While they do not require as 
much water to function compared to a porous matrix material like PVC, if the little water they do 
have is removed from the system, then a very significant performance drop will occur [40,42]. 
Therefore, while Nafion could be a good alternative in high humidity conditions, low humidity 
conditions could still be a problem. One solution to improve Nafion’s poor performance at lower 
RHs is to create composite materials that contain the same silanes as described in section 1.5.1 
to improve the hydroscopic nature of the PEM. By using a suitable silane material, silanes can be 
incorporated into the Nafion matrix. These Nafion/silane composites do show improved 
conductivity and water uptake in lower RH environments compared to that of Nafion [42].  
 The advantage of PVC over a PFSA such as Nafion is the cost of the PVC is significantly 
lower. PVC therefore can itself be investigated to improve sensor performance. The first avenues 
are PVC-composites with other materials. These include both silanes and Nafion. The 
incorporation of silanes into the PVC would in theory increase the hydrophilicity of the material, 
due to the hygroscopic nature of the silanes. This could improve performance at the lower RH 
regions. Additionally, incorporating Nafion into the PVC matrix benefits both materials. Since PVC 
acts as a large reservoir of water, even in the drier environments, it is possible that Nafion is 
sufficiently hydrated to ensure an adequate ionic conductivity is still met.   
 Finally, since PVC itself is hydrophobic, chemically altering the structure of the PVC to 
covalently add more hydrophilic regions to the PVC could be beneficial. As water retention 
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becomes an issue in drier conditions, creating an inherit desire to hold the water within the 
structure would improve performance. Modifications to PVC have successfully occurred using 
amine-based compounds [40,56,57]. Most modifications dissolve the PVC in a suitable solvent, 
usually tetrahydrofuran (THF). The PVC used in the ethanol sensor is a very porous material 
(whose structure will be discussed in Chapter 5). Therefore, the modification must be done such 
that this porous structure is not lost; the PVC cannot be dissolved. Suitable reagents are available 
that can chemically bind to PVC without dissolving it, and by careful selection of the reagents 
used, PVC can be modified chemically to not only improve water characteristics but ionic 
conductivity as well [40].  
1.6 ELECTROCHEMICAL EVALUATION OF MATERIALS 
1.6.1 Cyclic Voltammetry 
 Cyclic voltammetry (CV) is one of the most important tools used by electrochemists. A 
typical CV plot using a platinum catalyst can be found in Figure 1.11. During a CV, the potential is 
scanned in a triangular waveform at a constant rate in both the positive and negative directions 
within a given potential range, with the current measured during the sweep [58]. The current 
that is generated or consumed is due to various electrochemical processes that occur on the 
platinum surface. The current response from these processes can be used to determine 
information about a given redox reaction [58]. While CVs can be performed using different 
electrode configurations, the CV’s performed in this work are based on a common fuel cell 
method.  
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Figure 1.11: Example of a CV of platinum black on Nafion in the sensor fuel cell. Measurement was taken with a 
N2-purged WE and H2-purged CE at room temperature. Peaks highlighted in red is the hydrogen desorption region. 
In this method, the WE was under an inert humid environment (N2) and the other side was under 
hydrogen flow, which allowed this side to serve as both the reference electrode (RE) and counter 
electrode (CE) [59]. 
 The most important region in a platinum CV is the hydrogen desorption region (HDR). 
Integration of this peak calculates the total charge required to desorb the hydrogen from the 
platinum surface. It is well documented that the charge required to adsorb or desorb a proton 
on platinum metal is 210 µC/cm2 [59]. With this information, one can use the charge from the CV 
to determine the electrochemically active surface area (ECSA) of a platinum catalyst material. 
The ECSA is a very important tool that allows electrochemists to monitor how their catalysts 
perform over time or in a given condition [59]. Hydration is a very important factor in catalyst 
performance, and the use of CV allows for the determination of ECSA and how it changes in order 
to help identify whether an electrode is fully hydrated. While Figure 1.11 shows a typical CV plot 
obtained using the in-house fuel cell (details in Chapter 2), deviations from this shape can also be 
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used to identify other processes that may be occurring, such as fuel cross-over, high ionic 
resistance and poor interfacial contact. These processes will shift the typical CV plot to different 
shapes, which are unique to the process that is occurring. 
1.6.2 Membrane Ionic Conductivity 
 Ionic conductivity is an extremely important factor to determine the performance of an 
ionic conducting media. For a PEM material, ionic conductivity is often measured using 
electrochemical impedance spectroscopy (EIS) or a four-point probe method.  
 The details of the four-point probe method and conductivity cell can be found in Chapter 
2. The conductivity cell measures the ionic conductivity using an “in-plane technique”. The “in-
plane” technique can be visualized in Figure 1.12: 
 
Figure 1.12: Schematic of membrane material. A.) is 3D profile of membrane example. B.) is top profile. C.) is side 
profile. The black arrow denotes “in-plane” measurements while the blue arrow denotes “through-plane” 
measurements.  
The four probe technique measures the ionic resistance as seen in Figure 1.12A and Figure 1.12B 
with the black arrow. This is known as an “in-plane” measurement. The blue arrow, seen in Figure 
1.12A and Figure 1.12C is an example of a “through-plane” measurement [60].  
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 Ideally, “in-plane” and “through-plane” experiments should yield the same conductivity, 
but factors such as film thickness, manufacturing properties, electrode composition, and other 
modifications to a material could influence whether protons move in greater capacity across the 
surface of a membrane or through it [60,61]. As long as the membrane tested is consistent in 
composition (eg. bulk properties=surface properties), “in-plane” tends to be more accurate as 
the cell constant (defined as distance between the electrodes over area) is higher. This is due to 
the fact the distance between electrodes is usually much larger for an “in-plane” measurement 
than the distance between the electrodes for a “through-plane” measurement, which is 
essentially the thickness of the membrane [61]. With a thicker membrane, the properties of the 
membrane dominate the response and factors such as the interfacial impedance contributions 
are minimized. With the “through-plane”, the interfacial impedance contributions, such as 
capacitance at the membrane/electrode interface, contribute greater to the overall measured 
resistance, and can influence the measured ionic conductivity of the membrane [61].   
1.6.3 Catalyst Layer Ionic Conductivity 
 EIS is a very powerful tool that can not only measure ionic conductivity within 
membranes, but within catalyst layers as well [45,62,63].  
 To understand how impedance is obtained, it is important to understand the relationship 
of resistance to voltage and current. The equation for resistance can be found in Equation 1.8, 
and is also known as Ohm’s Law: 
  Equation 1.8
where R is resistance, V is voltage, and I is the current. 
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 Capacitance and inductance can also impede the flow of electrons under alternating 
current (AC) conditions, and in the case of circuit elements, the impedance (Z) is related to 
potential and current by the following: 
   Equation 1.9
where Z is the impedance. Since the system described is operating under AC, the AC component 
must be taken into account by the following [64]:  
 sin Equation 1.10
where Vmax is the signal amplitude, ω is the angular frequency (where 2 , where f is 
frenquency in Hz), and t is time in seconds. Therefore, the sinusoidal current wave would be 
defined as: 
 sin Equation 1.11
where I(t) is the current value at the time t, Imax is the maximum value of the sinusoidal current 
wave, and ϕ is the phase angle [64]. For a resistor, the phase angle is 0, and thus the resistance 
of the resistor (R) is equal to the impedance (ZR).  
 For a capacitor, there is a voltage drop across the capacitor of  [64]. This means the 




where i is the imaginary number (√ 1) and C is the capacitance. Both the resistor and capacitor 
will contribute to the overall impedance of the system. Therefore, for a system that contains a 
resistor and capacitor in parallel, the overall AC impedance can be denoted as: 
- 28 - 
 
 /  Equation 1.13
ZR contains the real component of resistance, while ZC contains the imaginary component, hence: 
′ ′′ Equation 1.14
where Z’ is the real component of impedance and Z’’ is the imaginary part [64]. The units for both 
components are ohms. 
 In order to evaluate a MEA using EIS, the individual components that can contribute to 
the impedance response must be modelled using an equivalent circuit that relates the various 
circuit elements both in the catalyst layer and membrane. The transmission line model has been 
studied extensively for this purpose [45,50,62-66]. The circuit can be found in Figure 1.13: 
 
Figure 1.13: Transmission Line Model for impedance spectroscopy of catalyst layer analysis. 
The model consists of two parallel resistive rails: one rail represents the electronic transport 
(Relectronic) through the carbon support/platinum particles, while the second rail represents the 
ion transport (Rionic) throughout the catalyst layer [64]. The rails are connected by capacitors (C) 
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to represent the capacitance of the carbon and platinum within the catalyst layer. Relectrolyte is the 
resistance contribution from the electrolyte. As carbon and platinum are excellent conductors of 
electrons, the resistance contribution from Relectronic is negligible compared to the ionic Rionic. The 
Rmembrane is even greater than the Rionic, and hence shifts the resulting spectra along the real 
impedance axis.  
 Figure 1.14 shows an EIS spectra with emphasis on the high frequency region (HFR), 
known as a Nyquist plot. Z’ is plotted along the x-axis, and Z’’ is plotted along the y-axis. The x-
intercept is known as the high frequency resistance (RHF). By purging the cathode with N2, charge-
transfer resistance will be absent during cell operation. There, the RHF will have contributions 
from the resistance of the membrane (Rmembrane), as well as the cell resistance (Rcell) and the 
interfacial resistance between the membrane and catalyst layer (Rinterface) [67].  
 
Figure 1.14: Example of a Nyquist Plot using a Nafion Membrane with Platinum Black Electrodes (JM100) and 20% 
Platinum on Carbon (JM20) electrodes. Measurements obtained at room temperature with a N2-purged WE and 
H2-purged CE. 1000 Hz denotes frequency at X-intercept.  
Therefore, it can be denoted that: 
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 Equation 1.15
Rcell can be measured to determine its contribution. The fuel cell used for this study had an Rcell 
of 0.5 Ω cm2. Rmembrane is the area specific resistance (ASR) of the membrane used, and can be 
found from the ionic conductivity of the membrane. Therefore, with Rcell and Rmembrane known, it 
is possible to estimate the interfacial resistance of an MEA [67]. Using Equation 1.15, the 
interfacial resistances of the MEAs in the examples shown in Figure 1.14 can be found in Table 
1-1. 
Table 1-1: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated with 




ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
JM100 1.19 0.185 0.505 
JM20 0.94 0.185 0.255 
 
From the uncorrected Nyquist plot, the interfacial resistance was able to be determined. 
Correcting for RHF, which would eliminate the resistance of the cell, membrane, and interface, 
allowing for analysis of the catalyst layer. Along with a corrected Nyquist plot, it is also useful to 
show impedance responses using capacitance plots. A capacitance plot can be created by 





The initial portion of a capacitance plot is generally associated with the Warburg region, with 
lower frequencies highlighting the limiting capacitance for the catalyst layer.  
 The information provided from the EIS analysis yields a wealth of information. The 
uncorrected Nyquist plot (Figure 1.14) can yield the interfacial resistance of the MEA [67]. The 
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corrected Nyquist plot can yield information about the ionic conductivity within the catalyst layer 
[68]. The capacitance plots can be used to determine the overall surface area of the catalyst layer, 
as well as how hydrated the catalyst layer is [69]. Finally, the normalized capacitance plot, which 
normalizes the capacitance to the limiting capacitance, can be used to investigate how ionic 
conductivity changes the deeper the ions travel into the catalyst layer [68].  
 Figure 1.15 shows the corrected Nyquist plot, as well as capacitance plot and normalized 
capacitance plot for the example MEAs shown in Figure 1.14. The analysis of these plots will be 
discussed in further detail in Chapter 6.  
 
Figure 1.15: Example of a corrected Nyquist Plot using a Nafion Membrane with a 20% Platinum on Carbon (JM20) 
electrodes. Measurements obtained at room temperature with a N2-purged WE and H2-purged CE. 
1.7  THESIS OBJECTIVES 
 The objective of this study was to investigate the properties of fuel cell MEA components 
and the impact they have on the performance for breath alcohol sensor devices. Previous work 
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has shown that BrAS materials are very prone to drying out [18] and use material designs that 
are well over 30-40 years old [10,18,19,31]. Since the 1970s, fuel cell technology has changed 
substantially, and the understanding and principles of the properties that are desirable for fuel 
cell operation have been expanded greatly. The role of water within the fuel cell has been found 
to be one of the most important aspects for fuel cell operation [7]. While the studies have focused 
on power generating devices, the role of water and the impact of hydration for ethanol sensor 
devices needs to be investigated.  
 Chapter 3 will set the benchmark for the commercial material. As there is limited 
literature on this commercial material, characterizations of the commercial MEA will be made 
here. As well, testing of the commercial cell will be compared with a fuel cell fabricated in-house 
that uses the commercial MEA. This will allow us to not only gauge how effective the testing is, 
but what type of response one would expect if a modified material is placed into a commercial 
cell.  
 Chapter 4 will investigate commonly used power generating PEMs and evaluate their 
performance in an ethanol sensor. Common modifications to these materials will also be 
investigated, including composites of Nafion with other materials that not only improve 
hydration of the Nafion, but its proton conductivity as well. The physical and chemical properties 
of these membranes will also be highlighted to determine how their activity affects the 
performance in a sensor role. 
 Chapter 5 will discuss the commercial membrane and the various modifications that were 
performed to this material. These will include the composite modifications of the PVC with Nafion 
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and silane, as well as the various chemical modifications that were attempted. The physical and 
chemical characterizations will be investigated outside the fuel cell sensor to explore whether 
the modifications have merit for other applications.  
 Chapter 6 will investigate in greater detail how the electrodes affect the performance of 
the MEAs for fuel cell sensing. Once the membranes have been evaluated using the Pt black 
electrode, the work will shift to using the modern Pt/C electrode and investigate how the 
different materials behave when one electrode is used over another. 
 Finally, Chapter 7 will investigate how the electrolyte effects the performance of the 
sensor device. As sulfuric acid is generally the electrolyte used in the commercial cell, switching 
to an electrolyte such as phosphoric acid needs to be investigated to determine the merits of 
electrolyte performance. As well, carbon ceramic electrodes will be tested in a sensor role to 
determine if they are viable for ethanol sensing.  
 Together, this collection of experiments lead to a more detailed understanding of what 
properties effect the operation of a breath alcohol sensor. The various modifications to the MEA 
as a whole will look to explore how the commercial cell could be improved to not only enhance 
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 Unless otherwise stated, all commercial chemicals and solvents are used as received 
without further purification or work-up. 
2.1 MATERIAL PREPARATION 
2.1.1 Membrane Synthesis 
2.1.1.1 Sulfonated Poly(ether ether ketone) 
Sulfonated poly(ether ether ketone) was synthesized via a commonly used literature 
procedure [1,2]. Poly(ether ether ketone) (PEEK, Vixtrex 450p, Vixtrex Inc.) was slowly added over 
one hour to a concentrated 98% sulfuric acid solution (Sigma Aldrich) at 60°C to obtain a weight 
percent of PEEK to sulfuric acid of approximately 5%. After 2 hours at 60°C, the solution was 
slowly poured into ice water. The SPEEK precipitated out as a white solid.  This white solid was 
collected, filtered with a Kimax Kimble Coarse glass frit under vacuum, and washed with copious 
amounts of deionized 18 MΩ water to remove any excess sulfuric acid. This was repeated until 
the pH of the washing solution was > 5. The washed solid was then placed into a vacuum oven at 
80°C for 24 hours. The dried solid was a light yellow colour and very porous.  
In order to create SPEEK membranes, the solid was dissolved in dimethylforamide (DMF, 
Sigma Aldrich) to create a 15-20 wt% solution. The solution was cast using a scalpel onto a glass 
plate and allowed to dry at room temperature for 24 hours. The membrane was removed from 
the glass by immersion into water. The membrane was then placed into a 0.5M sulfuric acid 
solution to ensure full protonation of the membrane, at which point the membrane was ready 
for use.   
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2.1.1.2 Nafion‐Sulfonated Silica/SPEEK‐Sulfonated Silica Composites 
 Nafion-115 (Ion Power) was first washed in a boiling 3% solution of H2O2 for one hour, 
followed by boiling deionized (DI) water for 1 hour. The membranes were then transferred to a 
boiling 0.5M sulfuric acid solution for one hour. Finally, the membrane was once again 
transferred to boiling DI water for one hour to remove any traces of impurities. The membranes 
were then stored in DI water for 24 hours before use.  
 Nafion/sulfonated silica (SS) composite membranes were synthesized following a known 
literature procedure [3]. In order to create the composites, the Nafion-115 was soaked into a 
solution of 50% by volume methanol (MeOH) and a 50% solution of 2-(4-chlorosulfonylphenyl) 
trimethoxysilane (CPTM, Gelest) in dichloromethane (DCM) for 5 minutes. After impregnation, 
the membranes were removed from the solution and placed onto a glass plate and placed into a 
vacuum oven to dry at 80 °C under vacuum for 24 hours. The purpose was to not only remove 
the solvent, but ensure the sol-gel reaction goes to completion. After drying, the membranes 
were soaked in a 0.5M sulfuric acid solution for 24 hours to ensure full protonation of the sulfonic 
acid groups, at which point they were ready for testing. These materials will be known here on 
after as Nafion/SS.  
 The SPEEK/SS were also prepared as described above, but using SPEEK membranes in 
place of Nafion.  
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2.1.1.3 PVC‐sulfonated silica Composites 
 The PVC membranes are porous in nature with a thickness of ca. 1 mm. The material in 
nature contains ca. 10 µm sized spheres with corresponding sized pores. They were donated by 
Alcohol Countermeasure Systems (ACS) Corp.  
 
Figure 2.1: A.) PVC membrane used for study. B.) SEM image of PVC highlighting the porous nature of the material. 
 Similar to the Nafion membranes, silane materials were incorporated into PVC. This was 
done by first establishing a sol-gel reaction. To do so, 30 mL (0.135 mols) of 
tetraethylorthosilicate (TEOS, Gelest), 9.3 mL (0.015 mols) of 3-(trihydroxysilyl)-1-
propanesulfonic acid (TPS), 31 mL of 95% ethanol (Commercial Alcohols Inc.), and 38 mL of DI 
water were added to a 125 mL three-necked round bottom flask and heated to 60 °C. Once at 
temperature, 4 drops of concentrated HCl (Sigma Aldrich) was added to catalyze the reaction. 
The reaction was allowed to proceed for 2 hours, yielding a sol-gel material with a 90:10 atomic 
ratio of TEOS:TPS. Afterwards, the solution was cooled and various PVC samples were soaked 
into this solution for different amounts of time, from 1 minute to a full day. The samples were 
then removed from the sol-gel solution and allowed to dry in a vacuum oven at 60°C to evaporate 
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excess solvent and complete the sol-gel reaction within the PVC pores. Once dry, the PVC-SS 
composites were introduced into a 4M sulfuric acid solution and were ready to be used.   
2.1.1.4 Sulfonated/Ethanolamine Poly‐Vinyl Chloride 
Sulfonated poly-vinyl chloride (PVCs) was synthesized using commercial-grade poly-vinyl 
chloride (PVC) battery separators donated by the Alcohol Countermeasure Systems (ACS) 
Corporation as described in a literature procedure [4]. This procedure requires an initial 
amination followed by sulfonation process. Properties of this material can be found in a Chapter 
5, and the overall reaction scheme can be found in Figure 2.2: 
 
Figure 2.2: Reaction scheme for the amination with ethylenediamine and sulfonation of PVC 
The PVC was cut to appropriate sizes and placed into a 90% ethylenediamine (EDA, Sigma 
Aldrich) solution at 80 °C for different amounts of time between 30 minutes to 24 hours. After 
the allotted amount of time, the membranes were removed from the EDA solution and washed 
with copious amounts of water to remove any EDA within the pores of the membrane. The PVC 
was then dried in a vacuum oven at 60 °C for 24 hours. The PVC aminated with EDA (denoted as 
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PVC-EDA xxx, where xxx is the reaction time in minutes) changed from the cream colour of the 
base PVC to deep orange (for a moderate reaction time) or to dark red (for longer times). Figure 
2.3 shows an example of this for fuel cell sized pieces. 
 
Figure 2.3: Various PVC-EDA samples. PVC (left), PVC-EDA120 (Centre), PVC-EDA240 (Right). 
In order to sulfonate the samples, two procedures were tested. The first was to immerse the PVC-
EDA samples into 4M sulfuric acid for 24 hours, turning their orange colour to a dark red colour. 
The membranes at this point were ready for characterization. The second method was to 
immerse the PVC-EDA samples in a 5% chlorosulfonic acid solution in dichloromethane (DCM) for 
24 hours. The membranes were then washed with water and placed into a 4M sulfuric acid 
solution afterwards, at which point they were ready for characterization. The two methods were 
used to investigate the sulfonation reaction on PVC-EDA membranes. Figure 2.4 shows the PVC-
EDA samples with their respective PVCs sample.   
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Figure 2.4: PVC with EDA covalently bound (PVC-EDA) are shown on top and the bottom samples are the PVCs 
membranes after sulfonation 
 The PVC-ethanolamine (PVC-EtA) was also prepared using a similar method to the PVC-
EDA preparation, but using a 90% solution of ethanolamine (Sigma Aldrich) instead of EDA. The 
PVC-EtA were then placed into the 4M sulfuric acid before use.  
2.1.1.5 PVC‐Nafion Composites 
 Similar to the PVC-SS composites, PVC-Nafion composites were created. The PVC 
membranes were immersed into a 5% solution of Nafion (Sigma Aldrich) for 15 minutes. After 
immersion, the membranes were removed and allowed to dry at 60 °C in a vacuum oven under 
vacuum for 24 hours. The dry membranes were then immersed into 4M sulfuric acid before use.   
2.1.1.6 Phosphoric Acid Loaded MEA 
 A PVC membrane was imbued with 4M phosphoric acid to compare the performance with 
a sulfuric acid loaded MEA. The PVC was placed into a 4M phosphoric acid solution for 24 hours 
to ensure full loading of the PVC. It was ready then ready for testing. 
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2.1.2 Electrode Synthesis 
 Various loadings and platinum variations were used throughout this work. Platinum black 
(Pt) and 20% platinum on carbon (Pt/C) were used as the electrodes. Various binders were used, 
including PTFE, Nafion, and various sulfonated silicates. Various GDLs were also used including 
carbon paper and carbon cloth.   
2.1.2.1 Platinum Black (Pt) Electrodes 
 Platinum black (Johnson Matthey, HiSpec 1000) was mixed with a PTFE solution (15% 
w/w, Sigma Aldrich) such that the catalyst/binder loading was 70:30 w/w. An appropriate amount 
of DI water was added to dilute the solution. This platinum black ink solution was sonicated for 
1 hour before use. The platinum black solution was then sprayed-deposited using a micro air 
brush onto either carbon fiber paper (Toray TPGF-090, 10 wt% wet-proofing) or carbon cloth 
(ELAT LT1400W) treated with a microporous layer (MPL). The MPL consisted of a carbon black 
(Vulcan XC72, Cabot) with Teflon binder such that the carbon/binder loading was 70:30. The 
electrodes were dried in an oven at 120 °C overnight before being weighed to obtain the final 
platinum loading. The specificity of the type of electrode used will be described in greater detail 
in further chapters.  
2.1.2.2 Platinum on Carbon (Pt/C) Electrodes 
 Platinum on carbon (Pt/C) electrodes were prepared in a similar method to that of the Pt 
electrodes. The catalyst was a 20% w/w platinum on Vulcan XC72 carbon (Johnson Matthey 
HiSpec 3000). This was mixed with a 5% Nafion solution (Sigma Aldrich) such that the 
catalyst/binder ratio was 70:30 w/w. This catalyst solution was diluted in a 50% solution of 
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isopropyl alcohol and DI water and sonicated for at least an hour before spraying. Spraying and 
work up was as how Pt was done.  
2.1.2.3 Ceramic Carbon Electrodes 
 The synthesis of ceramic carbon electrodes (CCE) follows a procedure developed in our 
lab [5]. Dry 20% platinum on Vulcan XC72 carbon black (E-TEK, BASF) was weighed in a clean, dry 
50 mL glass beaker. The water and carbon-supported catalyst were mechanically stirred, after 
which additions of methanol (Fisher) and 6 molar NH4OH were made. A sufficient amount of a 
95:5 molar ratio TEOS:TPS was added such that the silane concentration was 40% w/w of 
silane:Pt/C. The beakers were covered in parafilm with small holes placed into the parafilm to 
allow slow evaporation of the solvent. The reaction continued until the solvent had evaporated 
off. The gelled CCEs were then directly sprayed onto the carbon paper as described above with 
the Pt/C and Pt. Once the sprayed catalyst on the paper was dry, it was ready for use.  
2.2 PHYSICAL/CHEMICAL CHARACTERIZATION TECHNIQUES 
2.2.1 Fourier Transform Infrared Spectroscopy 
 Fourier-transform infrared (FTIR) spectroscopy (PerkinElmer Spectrum 100 FTIR) was 
performed to look at the functionality of the various membranes synthesized for this study. 
Before any FTIR was performed on the membranes, they were dried at 60 °C for 24 hours to 
remove any water from the membrane. The membranes were tested using both attenuated total 
reflection (ATR) FTIR as well as using the KBr press pellet method, depending on the properties 
of the membrane.  
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 For ATR, the membrane was placed directly onto the crystal and held down with a force 
of about 40 N. For the KBr method, the membrane was ground with potassium bromide (KBr, 
Sigma Aldrich) such that the sample weight to KBr content was about 1% w/w. The sample was 
placed into the KBr press (which is the same device as the pellet holder) and pressed with a 
sufficient force to form a transparent disk. The pellet holder was placed under vacuum for 
approximately 5 minutes to remove any excess water. The sample was then ready to be tested 
using FTIR.  
2.2.2 Scanning Electron Microscopy 
 Scanning electron microscopy (SEM) images of the membranes and electrodes were 
acquired using a JOEL JSM 6400 SEM. The samples were prepared by using a Cressington 108 
Sputter Coater which put a thin film of conductive gold down to allow for electron transmission.  
2.2.3 Elemental Analysis 
 Elemental Analysis was performed on various PVC materials to assist in the identification 
of the different elements within the polymers. This was performed at Intertek Chemical and 
Pharmaceuticals in Whitehorse, NJ using their in-house techniques.  
2.2.4 Thermogravimetric Analysis 
 Thermogravimetric analysis (TGA) was performed using a TA Instruments Q600 SDT 
thermal analyzer. Approximately 10 mg of sample was heated from room temperature to 1000°C 
at a rate of 10 °C/min under flowing argon gas (50 mL/min). Differential thermogravimetry (DTG) 
was also measured simultaneously with TGA. TGA shows the overall mass loss with temperature, 
while DTG shows the change in mass loss over the temperature. With the aid of TGA and DTG, 
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the determination of the presence of sulfonic acid groups as well as other functional groups for 
the polymer materials could be investigated.  
 High resolution TGA/DTG was also performed. The conditions were similar to the method 
described previously, with an added step of isothermal holds when mass changes were detected 
that exceeded >0.5%. The temperature would hold until the mass change detected was less than 
<0.5%. This would continue through the ramp up to 1000 °C.  
2.2.5 Ion Exchange Capacity 
 Ion exchange capacity (IEC) was used to determine the extent of sulfonation for the given 
samples. SPEEK, Nafion, and their composites were soaked in DI water for 24 hours before 
treatment. The sulfonated PVC and composites were first sulfonated by placement into a 4M 
sulfuric acid solution. After 24 hours, they were removed and washed with copious amounts of 
DI water to remove the sulfuric acid from the pores, but not off any chemically bound sulfonic 
acid groups present within the PVC. At this point, membranes of interest were then placed into 
a known volume of 3M NaCl solution for 24 hours. The solution was then titrated under 
atmospheric conditions with a 3 mM solution of NaOH to determine the IEC of the materials. The 
NaOH was standardized immediately prior to the IEC titration using a primary standard 
(potassium hydrogen phthalate, 99+% purity, KHP) to ensure accuracy. A Nafion 115 membrane 
was used as a control to ensure accuracy in this technique. The obtained 0.91 mmol/g IEC of 
Nafion agrees with literature value (0.9 mmol/g) [6].  
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2.2.6 Water Uptake 
 SPEEK, Nafion and composites of Nafion and SPEEK were soaked in DI water for 1 hour to 
ensure they were fully hydrated. PVC-based membranes were imbibed with 4M sulfuric acid at 
room temperature for 1 hour to ensure the pores were full, which are the conditions normally 
used for deployment in fuel cell BrAS. The membranes were placed into an ESPEC SH-241 
humidity chamber. The temperature was held constant at 25 °C for these tests to mimic operating 
conditions within a sensor. The humidity was ramped from 95% down to 45%, with 10% interval 
holds for 30 minutes each. At the end of each hold, the weight of the membrane was obtained 
(mwet). Once the measurements were complete, the membranes were washed of the electrolyte 
in a similar fashion to the IEC procedure and weighed to obtain the dry mass. The water uptake 
of these membranes were obtained with Equation 2.1 [3,4].  
 	 	 % ∗ 100% Equation 2.1
where mwet is the mass of the membrane wet and mdry is the mass of the membrane dry.  
 A similar procedure was used [7] but with a different sulfonated silane: 4-(2-
(trihydrosilyl)ethyl)benzensulfonic acid (TEBS, Gelest). The weight ratio with respect to TEOS 
remained at 95:5 for TEOS:TEBS, and the silane weight to Pt/C was 30%. O’rian Reid prepared 
both CCE based electrodes described above.  
2.2.7 Ionic Conductivity Measurements 
 Ionic conductivity was performed with a Bekktech BT-110 conductivity clamp attached to 
a Schlumberger Solatron SI 1287 Potentiostat.  The membranes were prepared in the proper size 
- 52 - 
 
for the clamp (2 cm x 1 cm) and placed into the clamp. The clamp with membranes was then 
placed into the humidity chamber to investigate conductivity at various relative humidities (RH).  
 
Figure 2.5:  Bekktech BT-110 conductivity clamp. Left shows the cell with the cover on, while right shows with the 
cover off V1 and V2 are the reference electrodes 1 and 2 respectively. WE is the working electrode and CE is the 
counter electrode.  
 The measurements were taken directly inside the humidity chamber, after a 30 minute 
equilibration time at a given RH. A CV sweep was performed to determine the resistance. A sweep 
rate of 30 mV s-1 was chosen and was ramped between 0 V to 0.3 V vs. reference. The slope of 




where R is resistance, V is the voltage and I is the current. While this technique is generally 
applied for electronic resistance, it has been applied for ionic resistance in literature with good 
results [4,8-10]. The resistance than could be applied to Equation 2.3 to determine the ionic 
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where L is the length between the current electrodes (which is fixed at 0.425 cm), R is the 
resistance, and A is the cross-sectional area, which is the width of the membrane multiplied by 
the thickness.  
 The humidities sampled for ionic conductivity were between 45% RH and 95% RH at  
25 °C, ramped down in 10% RH intervals, holding at each RH for 30 minutes using an ESPEC SH-
241 humidity chamber. The cell remained in the humidity chamber during sampling.  
 The Area specific resistance (ASR) was also calculated from the ionic conductivity for 




where t is thickness of the membrane and  is the ionic conductivity of the membrane. The 
ASR of a membrane will be used to determine the interfacial resistance of an MEA with the aid 
of electrochemical impedance spectroscopy (EIS).  
2.3 DIAGNOSTIC ELECTROCHEMICAL TESTING 
2.3.1 Cyclic Voltammetry 
 Cyclic voltammetry (CV) measurements were performed using a Solatron 1470E 
multichannel potentiostat controlled using Multistat software (Scribner Associates). For fuel cell 
characterization, humidified N2 was flowed at the cathode with humidified H2 flowed at the 
anode, serving as both the reference and counter electrode. The CVs were measured for a 
potential range between 0.08 and 1.4 V (vs. RHE). The tests were run at room temperature and 
a minimum of 20 cycles were performed before collecting the CVs to ensure stabilization of the 
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CV. The purpose of the CVs was to investigate the impact of humidity on the membrane electrode 
assembly (MEA) that was acting as the ethanol sensor.  
2.3.2 Electrochemical Impedance Spectroscopy 
 EIS was conducted using a Solatron 1260 frequency response analyzer controlled using 
Multistat software (Scribner Associates). EIS measurements were performed on the fuel cell MEA 
materials, specifically to analyze the membrane resistance. The frequency range was scanned 
between 100 kHZ to 0.1 Hz at a DC bias potential of 0.425 V (vs. RHE). For fuel cell MEAs, the EIS 
was coupled with the CV measurements, and hence humidified N2 was flowed at the cathode 
with humidified H2 flowed at the anode, serving as both the reference and counter electrode. 
Measurements were performed at room temperature. Diagnostic EIS analysis was used to 
evaluate how relative humidity effected the interfacial resistance of the MEA. Therefore, the high 
frequency resistance of the EIS analysis was used to determine the interfacial resistance as 
described in Chapter 1. The Nyquist plots of the high frequency resistance will not be specifically 
shown, but the high frequency intercept will be denoted. 
 The finite transmission line model developed by the Pickup group was used to analyze the 
ionic conductivity within the catalyst layer as described in Chapter 1 [11]. The Nyquist plots that 
will be shown will be compensated for the electrolyte/membrane resistance by shifting the plot 
along the Z’ axis to an intercept of 0.  
2.4 ETHANOL SENSOR TESTING 
 Development of the ethanol station, components, and procedure will be described in 
greater detail in Chapter 3. The fabrication technique to create the MEAs is extremely difficult to 
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precisely reproduce. Nonetheless, reasonable results were obtained with the various electrodes, 
membranes, and gas diffusion electrodes with clearly defined patterns in performance.  
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Chapter 3  
SENSOR STATION DEVELOPMENT 
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3.1 INTRODUCTION 
 BrASs are one of the most important screening devices used by law enforcement to aid in 
the BAC determination for an individual. However, the BrAS device is only as effective as the 
device calibration. If the device was not calibrated properly, false positives and negatives would 
arise which would hinder the ability of law enforcement to effectively screen potential impaired 
drivers.  
 BrAS devices are calibrated in one of two ways: using “dry gas” or “wet bath”. “Dry gas” 
uses cylinders of ethanol vapour at various concentrations, ranging to mimic between 0.03 and 
0.2 BAC. The gas is introduced into the BrAS to calibrate the device at the specified concentration 
[1,2]. The “wet bath” method uses a solution of ethanol at a known concentration ranging 
between 0.03-0.2 BAC. The solution is heated to 34 °C and an inert carrier gas (nitrogen or argon) 
will carry the ethanol vapour to the breathalyzer. The device is calibrated to the concentration of 
ethanol that is present in the wet bath [1,2].  
 Both calibration methods have their limitations. The dry gas method does not introduce 
the main component of a human breath sample: water vapour. Water vapour has been shown 
to induce a small response, and thus could affect the results of the breathalyzer if not taken into 
account [3]. The dry gas method also does not mimic the Henry’s Law response that is typically 
associated with ethanol vapour within the lungs, which disregards the well-defined ethanol ratio 
of ethanol in the blood to ethanol in the deep lungs (2100:1). The dry gas cylinders are designed 
to mimic a breath alcohol content (BrAC) for an associated blood alcohol content (BAC) using that 
defined ratio. The ethanol concentration within the cylinder will begin to decline over time as 
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well during constant calibration. If not replaced, the sample used to calibrate the breath analyzer 
will begin to skew the response, and thus affects the calibration [1]. This also has the 
consequence of increasing the costs required to calibrate depending on the number of 
calibrations required over a given time period.  
 The wet bath method also has its drawbacks. Since wet baths are commonly mixtures of 
pure ethanol and water, they do not perfectly mimic the quantity of ethanol within blood. Blood 
is a very complex solution that can greatly affect the vapour pressure of ethanol, depending on 
the individual. It has been found that 70% of the uncertainty associated with breath samples is 
attributed to physiological variables, including age, sex, and weight [1]. Therefore, while Henry’s 
law better applies to the wet bath calibration, it may not directly correlate to a human subject, 
hence the fact that the device is mainly used as a screening tool.  
 In order to accurately validate various materials for BrAS devices, a system was needed 
that not only mimicked real world testing conditions, but allowed for quick and accurate sensing, 
as well as a method to diagnose how a given sensor device fairs under various environmental 
conditions. The wet bath method was chosen to calibrate and create standards for all materials 
tested in this work. The wet bath has the advantage that standard additions of ethanol could be 
introduced into the simulator to achieve the various BACs required to create calibration curves. 
When one sample analysis was finished, a new solution could be created to test the next sample 
without risk of contamination from the previous test. This chapter will discuss the creation of the 
ethanol test station designed for this work and use a commercial material as a standard to 
calibrate how well this method could be applied to other materials.  
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3.2 THE COMMERCIAL CELL AND COMMERCIAL MEA  
 Figure 3.1 shows an example of the commercial fuel cell used in most modern fuel cell 
based breathalyzers.  
 
Figure 3.1: A.) Top of commercial cell, B.) bottom of commercial cell, and C.) commercial MEA found in the cell. 
Nickel used for size comparison. 
 The cathode compartment of the commercial fuel cell can be observed in Figure 3.1A. As 
it is sealed, oxygen permeation into this compartment is extremely limited. The oxygen that is 
found within this compartment can decrease overtime. Since the cathode is also sealed, water 
cannot escape and this could cause flooding of this compartment overtime. However, since the 
sensor uses a very small amount of ethanol per sampling, the risk of flooding from overuse is 
quite limited.  
 The anode compartment (seen in Figure 3.1B) is open to the environment. In operating 
conditions, one end is connected to the breath tube where the sample is blown into from a 
subject. The other end is connected to a small solenoid pump that will draw in a precise volume 
(ca. 0.5 mL) of ethanol vapor/breath sample to the fuel cell from the breath tube.   
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 Figure 3.1C shows the actual commercial MEA. The material is manufactured such that it 
fits perfectly into the commercial cell. This will prevent ethanol vapour and water vapour from 
crossing through gaps to the cathode side and vice versa. Cross sectional images of the 
commercial MEA, the PVC matrix with the electrode removed, and the underside of the platinum 
electrode are shown in Figure 3.2.  
 
Figure 3.2: A.) SEM cross-section of commercial MEA, B.) Magnification of the pressed PVC particles. C.) Optical 
cross-section of the commercial MEA D.) PVC matrix with electrode removed and E.) underside of platinum 
electrode. 
 Figure 3.2A shows the SEM image of the MEA as a whole, with Figure 3.2B showing 
emphasis on the packed sphere structure of the PVC matrix. The PVC matrix (Figure 3.2D) consists 
of spheres that are approximately 10 µm in size with pores of similar sizes. These pores would 
normally be filled with 4M sulfuric acid for ionic conductivity. Figure 3.1C shows the top of the 
commercial cell, which consists of platinum black. The underside (Figure 3.2E) consists of thin 
coating of gold [4]. The thin gold layer can also be observed in the optical image of the MEA found 
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in Figure 3.2C. The catalyst layer is composed of platinum black held together with Teflon as a 
binder. The platinum loading is 13.7 mg/cm2, which by current power generating fuel cell 
standards is an extremely high loading of platinum. The gold layer is located at the membrane-
electrode interface and has a loading 0.4 mg/cm2 [4]. The purpose of the gold is to increase 
electrical conductivity throughout the catalyst layer [5], although not all commercial MEAs 
contain a gold layer. The depositing of the platinum onto the commercial wafer is not 
documented well within literature, but with the presence of Teflon, the most likely deposition 
method is either spraying or placing a very viscous ink onto the surface and allowing to dry, such 
that the ink does not penetrate into the PVC.  
 While the commercial cell is specifically designed by industry for their specific 
breathalyzers, the commercial MEA that would be made for the cell is produced industrially by 
various manufacturers, including Dart Sensors and Dräger. The commercial material tested for 
this work consisted of MEAs produced by Dräger. The commercial cell with the Dräger MEA 
located within was donated by Alcohol Countermeasure Systems (ACS) Corp. (Toronto, ON), and 
is hereafter referred to as the “commercial cell”. The Dräger MEAs were also donated by ACS as 
large sheets that were cut to size for our own fuel cell. The Dräger MEAs that are used in our in-
house fuel cell will be denoted as the “Dräger MEA”.  
3.3 FIRST TESTING STATION 
 The first objective was to build a suitable test station for sensors testing. This consisted 
of creating a new cell that could accommodate MEAs of differing geometries.  
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3.3.1 Fuel Cell 
 The schematic for the first fuel cell used for breath alcohol sensing can be found in  
Figure 3.3. 
 
Figure 3.3: Fuel cell cross-section schematic used for first ethanol sensor testing 
The fuel cell was designed using a polycarbonate shell with platinum leads for the anode and 
cathode. The dead space volume, which is the volume within the anode and cathode 
compartment, was approximately 3 mL. No flow channels were used in this fuel cell design. The 
electrode area was ca. 1 cm2 for both the anode and cathode.  
 The design of this first cell had inherent flaws which became apparent during sensor 
testing of the various MEAs (shown in Chapter 3.3.3). The first major issue was with the large 
open dead space volume (ca. 3 mL), it was likely that ethanol introduced into the anode 
compartment would not diffuse towards the catalyst and would exit the cell. Similarly, without 
flow channels, the ethanol vapour introduced had a greater chance of avoiding the catalyst all 
together. This would mean a higher flow or volume of ethanol vapour would be needed to ensure 
the head space was adequately filled for sensing.  
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3.3.2 Test Station 
 Figure 3.4 shows the initial test station with breath simulator.  
 
Figure 3.4: First ethanol test station (Left) and airflow schematic (Right) of the test station. Important components 
are labelled.  
The first test station had a breath simulator, which was a commercial unit donated by ACS 
Corporation. An ethanol solution was equilibrated to 34 °C and had both an input and output for 
gas lines. The input was connected to a nitrogen line which was calibrated to maintain a pressure 
of 10 PSI with a flow rate of 145 mL/min. The breath simulator led to a three-way valve. One path 
was a vent for the excess flow, while the other path led to the fuel cell sensor. An Omega SV3101 
solenoid valve was connected in this path which allowed for opening and closing to the fuel cell 
sensor. This ensured that when a sample was to be tested, the valve would open for a set amount 
of time to expose the fuel cell to the ethanol vapour and then closed to allow the response to 
return to baseline before the next sample was introduced. 
3.3.3 Data Analysis 
 The data was collected using the technique introduced by Millet et al. [6]. This involved 
exposing the fuel cell to the ethanol feed until a limiting current was reached. Figure 3.5 shows 
an example of how the raw data was recorded.  
- 65 - 
 
 
Figure 3.5: Example of limiting current analysis. Sample was a Nafion-115 membrane with commercial Ballard 
electrode (4 mg/cm-2 Pt loading). Measurements acquired at 25 °C. 
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 With limiting currents, the fuel cell was continually exposed to the ethanol vapour feed until the 
current plateaued (the limiting current). The limiting current could be influenced by factors such 
as the gas flow rate or gas pressure, hence why it was extremely important to ensure these were 
constant through testing of the different materials. The difference between the maximum 
current and baseline current yielded the limiting current, which if plotted against the 
concentration of ethanol, would generate a sensitivity plot (Figure 3.6). The slope of this line is 
taken as the sensitivity factor.  
 The Drӓger MEA in the old sensor cell and the Drӓger MEA in the commercial fuel cell 
were tested with this procedure, as well as a Nafion115 membrane with commercial Ballard 
Electrodes with platinum loadings of 4 mg/cm2. Figure 3.7 shows the sensitivity factors for these 
sensor MEAs.  
 
Figure 3.7: Sensitivity factors for a Nafion MEA with Ballard electrodes, the Drӓger MEA in the old sensor cell and 
the Drӓger MEA in the commercial fuel cell. A.) is the raw sensitivity and B.) is the normalized sensitivity 
This method showed excellent viability for tests with a commercial PEM material, as well as the 
commercial material in both the commercial fuel cell and in our fuel cell. Due to the mass of 
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than for the Nafion MEA (13.7 mg/cm2 vs 4 mg/cm2). Once normalized for the mass of platinum 
however, the Nafion MEA displays higher sensitivity. This type of plot shows how well the 
platinum is utilized as the Nafion MEA has a much lower loading of platinum but it is able to 
utilize the platinum more readily than the commercial cell.   
 Unfortunately, the validity of this method became an issue when the fuel cell was 
conditioned at different humidities. Since it is well known that humidity plays a role in power 
generating devices, the role of humidity on ethanol sensors needed to be investigated. In order 
to evaluate this, the fuel cell was placed into the humidity chamber for 24 hours at a given RH. 
The fuel cell was then removed and ran in the sensor mode. Figure 3.8 shows the normalized 
sensitivities over the humidity range tested. 
 
Figure 3.8: Sensitivity as a function of RH for the Nafion-115 MEA. Measurements acquired at 25 °C. 
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 The fuel cell was conditioned at each humidity step for 24 hours. The high sensitivity at 
95% RH with respect to the rest of the conditions indicates the membrane was still extremely 
hydrated, and most likely not appropriately conditioned at 95% RH. Disregarding the 95% RH 
data, it is observed when ramping down from 95% RH to 45% RH the sensitivity does not change 
significantly. In fact, the response slightly increases as humidity decreases. Once the humidity 
reached 45% RH, it was held there for 24 hours and the measurements were repeated the 
following day with the humidity ramped back to 95% RH. Again, no discernable change in 
sensitivity as a function of RH was observed. There was a drop from approximately 2000 mA/BAC 
to 1500 mA/BAC while it remained at 45% for 24 hours from ramping down to up.  
 Figure 3.9 highlights the phenomena. The conductivities determined before sensing show 
trends which are expected in literature: as RH decreases, so does conductivity [7-9]. After the 
sensing however, the conductivity begins to increase, especially at the lower RH values. This is 
unexpected, but what is clear is that since the fuel cell is usually exposed for more than 4 hours 
to the ethanol/water vapour, the MEA has sufficient time to readily absorb water from the gas 
feed. This would cause the conductivity of the MEA to increase compared to a dried MEA value, 
and hence any changes in RH that could be detected at the beginning of a sensor run would 
quickly become invalid as the membrane rehydrates.  
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Figure 3.9: Conductivity measurements taken before sensing and after sensing for each humidity step. A.) is on 
the decreasing ramp down to 45% RH and B.) is on the increasing ramp up to 95% RH. Measurements acquired at 
25 °C. 
 While the method is viable in testing materials, it has significant limitations. Firstly, the 
length of time for each run was extremely long (4 hours). This, along with constant exposure to 
the ethanol/water gas feed, would quickly rehydrate the membrane and prevent observations 
related to how humidity effects performance. Secondly, the fuel cell is limited in its design scope 
such that it prevents other methods of being used. For example, pulsing the ethanol vapour into 
the anode compartment without a flow field could cause the ethanol to escape. With these 
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limitations in mind, a newer and more modern test station was developed. This new station and 
technique were used for all sensor measurements on materials tested with regards to this thesis.  
3.4  MODERN SENSOR TESTING STATION 
3.4.1 Fuel Cell 
 The modern fuel cell can be seen in Figure 3.10. The design for this cell was reversed 
engineered from a smaller commercially available fuel cell (H-Tec company) used for 
demonstrations. The in-house cell was fabricated by DPM Solutions (Hebbville, NS, Canada) from 
poly (ether ether ketone) (PEEK) and contains stainless steel mesh current collectors and leads. 
The anode is closed with a serpentine flow field which has a dead space volume of only 0.5 mL.  
 
Figure 3.10: Modern in-house fuel cell designed for ethanol sensing. A.) is the cathode internal side, B.) is the 
cathode exterior, C.) is the anode exterior, and D.) is the anode internal side 
The cathode uses a parallel style flow field, but also has an optional port that allows for air 
introduction and better exposure of the MEA to environmental conditions. This cell will here on 
be referred to as the “UOIT cell”. 
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3.4.2 Fuel Cell Test Station 
 The fuel cell test station was modified substantially from the station described in Chapter 
3.3.2. The commercial wet bath simulator provided unreliable data, and stopped working over-
time. A 5-necked Pine Instruments electrochemical cell (similar to a multi-neck round bottom 
flask) was used in place of the simulator. This cell has a water jacket, which was connected to a 
Fischer Isotemp 3006 refrigerator circulator to maintain the ethanol solution at 34 °C in the cell. 
A thermometer was also placed into the cell to monitor the ethanol solution to ensure that it was 
maintained at 34 °C. An Omega 1401 three-way solenoid valve controlled the flow of nitrogen, 
which in turn was electronically controlled with timers. When the valve was off, nitrogen would 
vent into a gas bubbler. When the valve was activated, the nitrogen would flow from the main 
tank to the wet-bath simulator. The flow rate and pressure remained as mentioned in Chapter 
3.3.2 (145 mL/min and 10 PSI). The outlet was insulated with aluminum foil and led into the Espec 
SH-241 humidity chamber. Inside the chamber, a three-way joint controlled the flow of the 
ethanol gas feed. One channel led out of the humidity chamber and vented into a gas bubbler. 
The second channel led to an Omega SV3101 solenoid valve which was electronically controlled 
with a timer. Beyond the solenoid valve was a Parker E155-11-050 diaphragm pump, which 
connected to the fuel cell.  
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Figure 3.11: Fuel Cell Testing Station. A.) is the wet-bath simulator, B.) is the humidity chamber with valve, pump, 
and fuel cell and C.) is the power supply, timers, and flow meters for the station 
 The operation of the device was as follows: when activated, the three-way valve would 
begin flowing nitrogen through the ethanol solution in the wet bath simulator and into the 
humidity chamber. This would continue for 30 seconds, with the valve in the humidity chamber 
remaining closed. This ensured the lines leading to the fuel cell were equilibrated with the 
ethanol vapour. After 30 seconds, the valve in the humidity chamber would open, and the pump 
would activate. The pump would draw ethanol vapour in and expose it to the fuel cell for a 
measurement. After 10 seconds the pump would deactivate, the valve would close, and the 
nitrogen would again flow out the vent into the gas bubbler. This would continue for 10 more 
seconds after the pump shut off before the nitrogen valve would deactivate, cutting flow off 
through the cell completely. The reason this was done was because the pump pulled the ethanol 
vapour with such force that a vacuum would be created in the lines. The lines would need to be 
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vented to ensure the vacuum was removed. As well, the nitrogen flow was controlled at the tank 
to keep the lines clear of potential water vapour forming in the lines when the sensor was not in 
operation. Previous experiments suffered from water building up in the gas lines, and this could 
cause problems if water reached the fuel cell as it would block the pores preventing gas flow into 
the catalyst layer. After 5 minutes passed, the whole cycle reset and another measurement was 
taken.  
 Overall, this system had significant advantages over the previous configuration. First, by 
using timers with the valves, human error related to the correct timing for opening and closing 
valves was removed. This ensured better reproducibility between subsequent measurements 
and for comparing different materials. Additionally, the fuel cell was only exposed to the ethanol 
feed for a total time of two minutes, out of a total run time for the sensing calibration of two 
hours. Each sampling took 10 seconds, and a total of 24 samples were taken (4 at each measured 
BAC). This not only prevented the membrane from potential rehydration, but the location of the 
fuel cell within the humidity chamber ensured that the fuel cell was conditioned at the desired 
humidity before, during, and after testing.  
3.4.3 Data Analysis 
 The new fuel cell system shifted from measuring limiting currents to measuring charges. 
This not only mimics real world testing, but has been proven to be a more repeatable method 
[10]. The measurements were taken with a Solatron SI-1287 potentiostat, held at 0Vs with a 200-
ohm resistor across the working and counter electrode. In order to ensure this method was 
viable, the Drӓger MEA in the UOIT cell and Drӓger MEA in the commercial cell were first used 
and tested. The scope was similar to the previous testing: to ensure the results from the UOIT 
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cell and commercial cell agreed with one another. This would allow us to state with high certainty 
that the results shown in our cell would be applicable to a commercial cell if our materials were 
placed within that device. Figure 3.12 shows the raw data analysis for the Drӓger MEA in the UOIT 
cell. From the data, two methods of analysis are available. The first is to take the peak currents 
for each sample. The second is to take the integral of each peak, which would denote the charge 
for that peak. While both methods are viable for comparisons and analysis, it has been shown 
the integration of the peak is a more reliable and accurate method compared to the peak current 
[10]. Therefore, all sensitivities measured in this study will be reported as related to charge, 
rather than current.  
 Figure 3.13 displays the normalized sensitivity plots for the Drӓger MEA in the commercial 
cell and Drӓger MEA in the UOIT cell, at both 95% RH and 45% RH. Four points are taken for each 
sample set, but only the last three are used to determine the average charge at a given BAC. This 
is to ensure the ethanol vapour is fully equilibrated within the lines. While Figure 3.13 can easily 
distinguish the performance differences of each material based on their slope, it is limited by the 
number of samples that can observed at one time. Therefore, Figure 3.14 will be used to 
showcase the performances of the materials as a whole. 
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Figure 3.12: Raw current data for the Dräger MEA in UOIT Cell (Left). Transient from 0.12 BAC sample (Right). 
Measurements acquired at 25 °C. 
 
Figure 3.13: Normalized sensitivity plot for Dräger MEA in commercial cell and Dräger MEA in UOIT Cell at 95% RH 
and 45% RH 
  Figure 3.14A and Figure 3.14B show the sensitivity factors at 95% RH and 45% RH both 
raw and normalized for platinum respectively. Since these materials have the same platinum 
loading, the differences between the two materials will not change.  
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Figure 3.14: Sensor performance analysis for Drӓger MEA in the UOIT cell and Drӓger MEA in the commercial cell. 
A.) is the sensitivity factor. B.) is the normalized sensitivity factor. C.) is the ratio between the 95% RH sensitivity 
and 45% RH sensitivity. D.) is the percent error at the measured BACs 
What is important to note is that at 95% RH, the Drӓger MEA in the UOIT cell and Drӓger MEA in 
the commercial cell have very similar sensitivities. Thus, materials tested in the UOIT cell should 
perform similarly in a commercial cell.  At the 45% RH condition, however, there is a sensitivity 
decrease for the Drӓger MEA in the UOIT cell. The surface of the Dräger MEA is completely 
covered in platinum black. This would help retain electrolyte within the polymer matrix, 
minimizing losses to the environment. However, the decrease for the Drӓger MEA in the UOIT 
cell shows another advantage of our cell, as it is open on the cathode side any leakage or drying 
out of a material tested would be more pronounced than compared to the commercial cell, which 
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is completely sealed. While sealing the cell would prolong the life and minimize leakages and 
drying out, it does not showcase how the material would perform in these conditions. The 
performance of the Drӓger MEA in the UOIT cell however, is still very good at 45% RH.  
 Figure 3.14C reports the ratio between the sensitivity at 95% RH and 45% RH. If the value 
is greater than 1, then the sensitivity at 95% is higher than at 45%. If it is less than 1, then the 
performance is greater at 45% RH than at 95% RH. If the ratio is 1, then the performance is the 
same regardless of RH. For a sensor, one important factor is the ability to report reliable results 
without having to constantly calibrate the sensor. If there is a large change in sensitivity at the 
two measured RHs, it would mean the sensor needs to be calibrated more regularly to ensure 
accurate results. From Figure 3.14C, it is observed that both the Drӓger MEA in the commercial 
cell and Drӓger MEA in the UOIT cell show ratios close to 1, with an advantage to the commercial 
cell. Again, the commercial cell is completely sealed and hence humidity changes are not as 
pronounced. This is a significant advantage for field deployment of a commercial cell, as it 
reduces the losses of electrolyte to the environment. 
 Figure 3.14D compares the percent error at three measured BACs. This highlights the 
error that would occur if the device was calibrated at 95% RH, and sampling was taken at 45% 
RH. Again, this value needs to be minimized to reduce the amount of calibration required for 
accurate results. The Drӓger MEA in the commercial cell, again, is closed and hence very small 
changes between 95% and 45% RH are observed. This is ideal behavior for a sensor. The Drӓger 
MEA in the UOIT cell shows a large error for the 0.03 BAC reading, while dropping to lower values 
at 0.09 BAC and 0.18 BAC. What this data shows is that if a commercial material was left to dry 
out and not undergo calibration over a long period of time, it may still show good accuracy at the 
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higher BAC levels, but lower BAC measurements would be much less reliable. This is very 
important information to know since many commercial breathalyzers are not calibrated on a 
regular basis for humidity. While the commercial cell is sealed well, if leaking does occur (which 
the Dräger MEA in the UOIT cell exaggerates), a clear drop in performance will occur.  
3.5 CONCLUSIONS 
 While it is possible with the UOIT cell to measure both CVs and impedance for the MEAs 
to investigate how hydration effects the CL and membrane, the Dräger MEA proved to be too 
resistive to obtain clear results and hence they are not shown. The purpose of this chapter was 
to not only describe the process of the ethanol testing setup, but validate our testing method 
using both a commercial cell and commercial material in our cell. What was found was that at 
higher humidities (where performance is maximized) the difference in sensitivities in both cells 
was within error of one another. This validates our cell and method to not only be able to test 
other materials accurately, but state that if these other materials were placed into a commercial 
cell built specifically for that MEA, the performance should match what is observed in the UOIT 
cell.  
 The modern testing protocol also showed improved reliability and performance 
compared to the first station protocol and station that was developed. By reducing the exposure 
of the MEA to the ethanol vapour feed, hydration of the MEA is reduced, allowing for a more 
representative measure of how the MEA performs in the various environments. The modern 
protocol also has the advantage that it mimics real world testing procedures: sampling for a short 
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period of time followed by a decay to baseline. The old system used a plateau current technique 
that is not used in commercial materials.  
 While not specifically shown in this work, others have tested other materials using this 
station and testing procedure to further validate the results of this method. This work has been 
published [3].  
 The Dräger MEA in the UOIT cell will be used as a benchmark for all comparisons of 
materials in this study. While the graphs will not be continually shown through each chapter, a 
table that highlights the normalized sensitivities will generally include the normalized sensitivity 
for the Dräger MEA in the UOIT cell.  
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4.1 INTRODUCTION  
 To the general fuel cell community, the term “PEM” is used to describe two fuel cell 
related materials: “proton exchange membranes” and “polymer electrolyte membranes”. While 
both are used interchangeably, there is a significant difference between these two terms. While 
all “proton exchange membranes” are “polymer electrolyte membranes”, not all “polymer 
electrolyte membranes” are “proton exchange membranes”. To differentiate between the two, 
a second term is used to describe “polymer electrolyte membranes”: solid polymer electrolyte 
(SPE).  
 SPEs are polymer materials that are readily able to conduct ions, usually protons. The 
most well-known and used in the fuel cell environment is the material known as Nafion. The 
chemical structure of Nafion can be found in Figure 4.1. 
 
Figure 4.1 : Chemical Structure of Nafion. Teflon backbone highlighted in box. 
 Nafion was invented by DuPont in the 1970s, and has not only increased MEA 
performance by two-fold over other SPEs, but increased the lifetime of the material by four 
orders of magnitude [1]. Nafion consists of a PTFE backbone (circled in Figure 4.1) that provides 
Nafion with its specific chemical robustness and high tensile strength properties, while the 
sulfonic acid group (-SO3H) at the end of the side chain yields Nafion its high proton conductivity.  
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 As previously stated in Chapter 1, the most common theory to describe the movement of 
protons through a solution is by the “Grotthuss Mechanism”. While it appears the sulfonic acid 
groups in Nafion can exchange protons with one another to move the protons, the purpose of 
the sulfonic acid groups is actually to create flow channels through the polymer network.  
Figure 4.2: Transport phenomena of water within Nafion membrane. Adapted from Barbi [2]. 
The hydrophilic nature of the sulfonic acid groups create channels that allow water to move 
through the SPE. The length of the sidechain allows Nafion to create very flexible channels that 
can extend from the anode to the cathode, creating a suitable network for water movement, and 
therefore ionic conductivity.  
 There are limitations to using Nafion. First, it is considerably more expensive compared 
to other SPEs, as the manufacturing process of Nafion is quite intensive. The most critical 
limitation however is that Nafion’s optimal performance occurs at 80 °C. Decreasing the 
operating temperature to 60 °C decreases ionic performance by almost 10 fold [1]. Therefore, 
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while Nafion may be suitable for power generating fuel cell operations, its use as a sensor SPE 
material (which operate at ambient temperatures) needs to be investigated.  
 Sulfonated poly (ether ether ketone) (SPEEK) is another membrane material that has 
drawn interest from the fuel cell community. Based on a hydrocarbon backbone, these offer 
certain advantages over Nafion: readily available, cheap, significant control over the hydrophilic 
properties, and ionic conductivity performance that can match that of Nafion [1].  
Figure 4.3: SPEEK chemical structure. Component labelled within x is unmodified SPEEK, while 1-x is the poly 
(ether ether ketone) from which SPEEK derives. The degree of sulfonation can be readily controlled. 
The transport of water through SPEEK is very similar to that of Nafion. The significant 
disadvantage that SPEEK has compared to Nafion is that due to the lack of a flexible side-chain of 
the sulfonic acid group, the channels created tend to be less flexible. This consequently increases 
the tortuosity of the SPEEK compared to Nafion [3-5].  
 The work in this chapter will focus on SPE materials, as well as composites of Nafion and 
SPEEK with silicate materials. While it is prudent to investigate the SPEs on their own without 
modifications due to the lack of literature, it is also important to look at the composite membrane 
materials which have been shown to improve performance of the SPEs for power generating 
devices [6]. Specially, it examines the properties of these SPE materials and which factors would 
be beneficial for use within a breath alcohol sensor device.  
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4.2 EXPERIMENTAL 
 All chemicals are used without prior work-up or purification unless otherwise stated. 
4.2.1 Membrane Synthesis 
Synthesis of SPEEK was described in detail in Chapter 2 and used common literature 
synthesis techniques [7,8]. The IEC of SPEEK chosen for this study was 2.01 meq/g. Refer to 
chapter 4.3.1.3 for explanation.  
 Nafion was purified as described in Chapter 2. Synthesis of composites of Nafion and 
SPEEK are described in Chapter 2 and follow a known literature procedure. [6]. The silane used is 
2-(4-chlorosulfonylphenyl) trimethoxysilane (CPTM), whose structure can be found in Figure 4.4. 
The composites of Nafion and SPEEK with the silanes incorporated into the material will be known 
as Nafion/SS and SPEEK/SS, in which SS denotes sulfonated silica.  
 
Figure 4.4: Structure of CPTM 
The mass loading of the silica within the SPEEK membrane was determined to be ca. 4% the total 
mass, and the mass loading for the silica within the Nafion was ca. 10%.  
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4.2.2 Electrode Synthesis 
 Johnson Matthey 100 (JM100) with a loading of 0.87 mg/cm2 were used and sprayed onto 
carbon paper. Procedure for synthesis can be found in Chapter 2. 
4.2.3 MEA Fabrication 
 The membranes were cut to appropriate sizes (5 cm x 5 cm) with two electrodes cut to 
an area of 2.25 cm2 for the anode and cathode. The Nafion and Nafion/SS were pressed at a 
temperature of 125 °C at a pressure of 530 kg cm-2 for 3 minutes. SPEEK and SPEEK/SS were 
pressed at a temperature of 100 °C at a pressure of 356 kg cm-2 for 3 minutes. The fabricated 
MEAs were immersed in water before being placed into the fuel cell. All MEAS were placed into 
the UOIT cell with a clamping force of 4520 N.  
4.3 RESULTS AND DISCUSSION 
 Photographs of the membrane materials synthesized/studied within this chapter can be 
found in Figure 4.5. Each membrane material was transparent, with a noticeable yellow hue for 
the SPEEK materials. The Nafion/SS and SPEEK/SS materials tend to have a more rigid structure 
compared to the untreated Nafion/SPEEK. This is explained by the silicate addition, which tends 
to be harder and more brittle than the flexible SPEEK and Nafion. The SPEEK materials have a 
thickness of 0.0066 cm while both the Nafion and Nafion/SS have a thickness of 0.0127 cm.  
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Figure 4.5: A.) SPEEK, B.) SPEEK/SS, C.) Nafion and D.) Nafion/SS 
4.3.1 Ex‐Situ Physical Characterization 
4.3.1.1 TGA 
 Figure 4.6 shows the TGA and DTG plot for both Nafion, SPEEK, and PEEK. PEEK is included 
to show the difference in decomposition compared to the SPEEK. PEEK shows one decomposition 
peak at 550 °C which corresponds to the backbone degradation to various aromatic ringed 
volatiles [9]. 
 With regard to SPEEK, the DTG profile shows three broad peaks. The first peak between 
80 °C and 150 °C indicates the presence of volatiles within the membrane itself. As these 
membranes were stored in water before testing, this peak would highly suggest the occurrence 
of water trapped within the SPEEK structure that was not removed during the drying process.  
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Figure 4.6: A.) DTG and B.) TGA of SPEEK, PEEK and Nafion 115. Measurement was performed under Ar with a 
ramp rate of 10 °C/min up to 1000 °C. 
  The second peak begins at approximately 160 °C and continues to 425 °C. It is quite broad 
and shows multiple shoulders and sharper peaks within the overall broad peak. This peak 
corresponds to the loss of the –SO3H group within the SPEEK polymer [10]. Other studies of this 
region indicate that the by-products featured in this region constitute SO2, phenol, 4-phenoxy 
phenol and 1,4-diphenoxy benzene [9]. Since this peak is not present in the DTG of PEEK, it 
indicates that the -SO3H associated within that region of the polymer promotes degradation of 
the polymer backbone at that region as well. The third large peak, which begins at 450 °C and 
extends to 700 °C corresponds to the degradation of the SPEEK backbone [10]. This constitutes 
the formation of aromatic volatiles including the products described previously, as well as four 
and five membered cyclic structures [9]. The final mass at the end of the end of the TGA is ca. 
40%, which would be the remaining soot from the decomposition of the carbon backbone.  
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 From the degradation reaction above, one can qualitatively determine to what extent the 
polymer was sulfonated as that first peak region is completely associated with the sulfonic acid 
group. From the TGA plot, it would indicate that ca. 21.69% of the polymer mass was associated 
with the sulfonic acid group. While it cannot be accurately stated that this mass percent is directly 
associated with the sulfonic acid group, this does indicate a very high loading of sulfonic acid to 
the polymer.  
 Nafion shows two main degradation peaks. The first peak, which occurs at 300 °C, is 
associated with the sulfonic acid group of the side chain. Degradation in this region leads to SO2 
by-products, as well as HF, carbon monoxide, carbon dioxide, carbonyl fluorides, and species that 
exhibit C-F stretching [11]. This indicates that not only is the sulfonic acid group degrading, but 
as is the side chain associated with the sulfonic acid group. This is similar to the case of SPEEK. 
 The second peak occurs at 375 °C and is the larger of the two peaks. Here, SO2 and CO 
evolution decreases dramatically, and evolution of the other by-products (HF, carbonyl fluorides, 
and C-F containing compounds) increases dramatically [11]. This provides evidence that the 
backbone degradation occurs at this temperature, essentially removing all backbone material to 
leave very little residual mass [11]. Since the first peak is associated with the sulfonic acid group, 
it would indicate that the sulfonic acid region in Nafion only constitutes ca. 11% of the polymer, 
which agrees with literature values [11].  
 Figure 4.7 compares the Nafion/SS composite with the unmodified Nafion membrane.  
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 The Nafion/SS shows a similar decomposition pattern to that of Nafion, but with two 
differences. The first degradation peak, occurring at 225 °C, which corresponds to the sulfonic 
acid group, is now wider. The larger peak would indicate the sulfonated side chain within the 
silicate material is degrading as this temperature as well. Based on the structure of the silicate 
that can be seen in Figure 4.4, the degradation of this polymer would indicate that the ethyl 
chain, as well as the sulfonic acid group are degrading as well. A similar composite membrane 
synthesized by Deng et al. using a TEOS silane precursor indicated that very little SiF4 is detected 
in this region. The SiF4 would form when HF evolves and reacts with the SiO2 backbone [11].  
 As the composites mass change is similar to that of Nafion, it would indicate that the 
silicate backbone is still stable at this temperature.  
 
Figure 4.7: A.) DTG and B.) TGA of Nafion and Nafion/SS.  Measurement was performed under Ar with a ramp rate 
of 10 °C/min up to 1000 °C. 
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 The second mass loss begins at 375 °C, and continues until a residual mass of 1.5% 
remains at 1000 °C. The second peak is a combination of both the Nafion backbone degradation, 
as well as the SiO2 degradation. While SiO2 would not normally degrade at higher temperature 
(up to 1000 oC), in the presence of a fluorinated specie such as HF, the HF could etch the SiO2 to 
form SiF4, which is volatile. This was readily detected by Deng et al. when TEOS was used as the 
silane precursor within their Nafion composites at 375 °C [11]. This would also explain the 
discrepancy found when comparing the initial silicate loading to the final loading as found by 
Yarrow [6]. From these results, it would appear that the mass loading of silicate is only ca. 1.5%, 
but from the sulfonate mass loss at 250 °C it should be expected that the silane loading should 
be higher. While the HF may not react with all silicates present above 375 °C, it does so in a 
manner to prevent using TGA as a reliable method to measure the overall silicate loading within 
the Nafion composite.  
 Finally, Figure 4.8 shows the DTG and TGA for the SPEEK and SPEEK/SS. As the structure 
of CPTM has similar functional groups to that of SPEEK (eg: phenyl rings and sulfonic acid groups), 
it is expected the thermal analysis would reveal very little differences. There are more clearly 
defined peaks in the DTG with respect to SPEEK/SS that are not as clearly observed with SPEEK, 
but are found as shoulders or broader peaks within SPEEK’s spectra. The sharper peak at 225 °C, 
as it is much more pronounced in the Nafion/SS TGA spectra, would most likely constitute the 
degradation of the sulfonic acid side chain within the silane, as well as the sulfonic acid group 
within SPEEK. The peaks beyond 450 °C would constitute the backbone degradation of the SPEEK. 
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Figure 4.8: A.) DTG and B.) TGA of SPEEK and SPEEK/SS. Measurement was performed under Ar with a ramp rate 
of 10 °C/min up to 1000 °C. 
 Since SPEEK does not contain any fluorinated functional groups that could react with the 
silica, there is a large difference in residual mass between SPEEK and SPEEK/SS, and this would 
constitute the silica loading. From this, the SiO2 loading of the SPEEK/SS is ca. 4% of the total 
weight.  
4.3.1.2 IR Spectroscopy 
 Figure 4.9 shows the IR spectrum obtained for each membrane. Recall that before any 
spectra was obtained for the membranes, they were dried in a vacuum oven at 60 °C for 24 hours.  
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Figure 4.9: Full Spectrum IR (Left) of A.) SPEEK/SS, C.) SPEEK E.) Nafion/SS, and G.) Nafion. Finger print region 
(Right) of B.) SPEEK/SS, D.) SPEEK, F.) Nafion/SS, and H.) Nafion. 
 The first point of note is that the full spectrums in Figure 4.9 show very little absorbance 
above 3000 cm-1 for both Nafion and SPEEK, while showing a very large peak for the Nafion/SS 
composite and a broad but shallow peak for SPEEK/SS. While all four membranes contain sulfonic 
acid functional groups, water is required to observe hydrogen bonding. Without water present, 
it is not possible to observe the –OH stretching. 
 The Nafion/SS sample shows an extremely large peak in this region, even after drying. 
This highlights the strong hydrophilic nature of the silicate materials. They are extremely 
- 94 - 
 
hydrophilic and can absorb water much more readily than the Nafion and SPEEK material, even 
with sulfonic acid groups present. The SPEEK/SS also shows a broad peak in this location, 
indicating that it has also absorbed water to allow for –OH bonding. SPEEK also shows some 
activity above 3000 cm-1 which is consistent with the C-H stretch of an aromatic or sp2 hybridized 
carbon.  
 In the region <3000 cm-1, there appears to be the presence of sp3 hybridized C-H stretches 
for Nafion and SPEEK. While this should be expected for the Nafion/SS composite, as well as the 
SPEEK/SS composite as they do contain an ethyl chain, it should not be present in Nafion or 
SPEEK. This presence can be explained by the age of the ATR crystal used. The IR system is well 
used and adventitious carbon can be present on the ATR crystal even after background and 
cleaning. Therefore, these peaks that are observed in the Nafion and SPEEK spectra do not 
correspond to the polymers. 
 Figure 4.9 also highlights the fingerprint region of the IR spectrum (< 1750 cm-1). The IR 
spectrum for SPEEK can be classified according to literature as follows: carbonyl stretching (1600 
cm-1), in-plane C-H vibration of phenyl rings (1475 cm-1), asymmetric stretching of biphenyl ether 
groups (1220 cm-1), asymmetric and symmetric stretching of the O=S=O groups (1190 cm-1 and  
1060 cm-1), and finally S=O stretching (1000 cm-1 and 750 cm-1) [10]. Based off the IR signals, it is 
clear that incorporation of the -SO3H was successful and can be present without –OH bonding 
occurring between the -SO3H groups. This explains why water is so important for SPEEK to 
function well: even though sulfonic acid groups are present, very little hydrogen bonding occurs 
and hence proton movement would be very limited.  
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 The FTIR spectra of Nafion contained peaks associated with the following: symmetric and 
asymmetric stretching of the CF2 groups (1300-1200 cm-1), S=O stretching (1020 cm-1), and C-O-
C stretch (950 cm-1) [12]. The O=S=O stretches present in SPEEK are evident in Nafion as well, but 
the entire region between 1300 cm-1 and 1050 cm-1 would have significant overlap of these 
functional groups. In order to distinguish between these peaks, higher resolution FTIR analysis 
would need to be performed.  
 The Nafion/SS composite contains even more overlapping peaks in the 1300-1050 cm-1 
region than Nafion. It is clear that the CF2 groups, O=S=O groups and S=O groups are still present. 
With the introduction of the silane CPTM, there is increased overlap within the finger print 
region. SiO2 vibrations occur very strongly in the 1200 cm-1 region as well [12]. While it would be 
difficult to specifically resolve these peaks given the IR system used, two other regions can 
confirm the hybridization of the Nafion with CPTM. First, a strong peak at 800 cm-1 is present, 
which a symmetrical vibration for the Si-O-Si group [12]. Secondly, the strong, sharp peak at  
1600 cm-1 is indicative of aromatic C-H stretches. Since CPTM contains a phenyl group, while 
Nafion does not, this proves definitively that the CPTM has been incorporated into the Nafion 
network. Finally, the large broad peak at 1750 cm-1 would correspond to liquid water, indicating 
that there is water present within this composite, which is consistent with the large –OH stretch 
above 3000 cm-1 [12].  
 Finally, the SPEEK/SS composite shows a broad, low intensity band around 3000 cm-1 and 
extends to 3250 cm-1. This would indicate the sp3 carbons in the propyl chain, sp2 carbons in the 
phenyl rings, as well as weak interactions of the sulfonic acid –OH group. As the peak is not nearly 
as large as the Nafion/SS, it would indicate that it is much drier and hydrogen bonding does not 
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occur as readily. The finger print region shows similar peak patterns to that of SPEEK. What is of 
interest however is the much stronger peak intensity at 1000 cm-1 and 1050 cm-1, which is 
indicative of increased O=S=O stretching, as well as SiO2 stretches, indicating that silane has been 
incorporated into the SPEEK material.  
4.3.1.3 Ion‐exchange capacity 
 Table 4-1 highlights the IEC results for the four membranes of interest. IEC and equivalent 
weight (EW) are related terms. EW reports the molecular mass of the polymer that will exchange 
one more of a single cation species, and IEC reports the moles of sulfonic acid group per gram of 
polymer. Therefore, a higher IEC results in a lower EW.  
Table 4-1: IEC Results for Nafion, Nafion/SS, SPEEK, and SPEEK/SS.
Membrane Equivalent weight (g) IEC (meq/g) 
Nafion 115 1120 ±14 0.89 ±0.01 
Nafion 115/SS  1697 ±2 0.698 ±0.001 
SPEEK 497.3 ±0.7 2.011 ±0.003 
SPEEK/SS 1433 ±150 0.59 ±0.07 
  
 Since SPEEK is synthesized in the lab from PEEK, it is possible to create an SPEEK material 
with a specific IEC that is tailored for a given purpose. Generally speaking, for fuel cell purposes, 
a membrane with higher conductivity is more important, and thus SPEEK is usually created with 
higher IEC values [13,14]. There is a limit however in how high the IEC can be, as if it is too high 
the membrane can actually dissolve in water. This is a significant problem for fuel cell operations. 
Dissolution in water only occurs when SPEEK is completely sulfonated (i.e. degree of sulfonation 
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(DS) is 100%), which equates to an IEC value of over 3 meq/g. The IEC of the SPEEK for this study 
is 2.01, which corresponds to a DS value ≈75 [13].  
 Nafion has an agreed literature value of 0.9 meq/g, or 1100 g EW [15]. The IEC value 
determined in this study agrees with the literature value. While it is possible to obtain Nafion 
from industry sources with varying IECs, incorporation of other materials into the Nafion 
structure can alter the effective IEC of the composite. This is what is observed with the 
incorporation of CPTM into the Nafion matrix. The incorporation of the SS into the Nafion lowers 
the IEC value. This would indicate that the silica are blocking pores within the Nafion that contain 
the sulfonic acid functional group. The SPEEK/SS shows a dramatic decrease upon addition of the 
SS. As SPEEK has less flexibility within its water channel, the SS will block these paths as well, 
reducing the number of available sulfonic acid groups.  
4.3.1.4 Water Uptake Measurements  
 Figure 4.10 shows the variation in water content with relative humidity (RH) for all four 
membranes at 25 °C. Two factors stand out very clearly from these results. The first is that the 
SPEEK membrane has a greater water uptake than Nafion over all humidities. This can be 
explained in part by the fact that SPEEK has a higher IEC value than Nafion. This, in turn, indicates 
that SPEEK has a greater number of sulfonic acid groups, which means more water is able to be 
retained by the membrane at any given RH value [5].  
 Comparing Nafion to Nafion/SS, it can be noted that the water uptake is quite similar with 
Nafion displaying a slight advantage. While the SS material is much more hydrophilic, it will only 
form a silica network within the pores of the hydrated Nafion channels. Since these channels also 
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carry the water required for proton mobility, it should be expected that Nafion should have a 
slightly higher water uptake as the pore volume is free for more water.  
 
Figure 4.10: Water-Uptake measurements for Nafion, Nafion/SS, SPEEK, and SPEEK/SS. Measurements performed 
at 25 °C. 
What is observed, however, is that while the silica material does cause a slight decrease in water 
uptake, it is not a significant reduction. This indicate that the pores are still very much available 
to carry water and the silicates does not completely hinder the movement of the protons [6]. 
 The SPEEK and SPEEK/SS comparison is similar to that of Nafion and the Nafion/SS: water-
uptake is decreased, but there appears to be a more significant loss. Due to the tortuosity of the 
SPEEK, the dead-end “pockets” within the SPEEK, which would have a significant volume to hold 
water, would become cut off on formation of the silica within the channels [5]. This would have 
the effect of reducing the overall water uptake of the material.  
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4.3.1.5 Ionic Conductivity 
 Figure 4.11 displays how ionic conductivity varied with RH for each of the four 
membranes.  
 
Figure 4.11: Conductivity measurements for SPEEK, Nafion, Nafion/SS, and SPEEK/SS. Measurements performed 
at 25 °C. 
The Nafion and SPEEK membranes displayed conductivities that agree well with those reported 
in literature [6,13]. The differences in their conductivity are due to not only the water uptake, 
but also the mobility of water within the material. While SPEEK retains more water than Nafion, 
the ability of Nafion to maintain performance with little water is what makes it such an important 
SPE material for fuel cells [5]. Other factors, such as the lower pKA of the sulfonic acid group, 
reduced electroosmotic drag and greater water permeation within Nafion yield the SPE to have 
greater ionic conductivity compared to SPEEK. With regard to power generating devices, higher 
ionic conductivity is more important than water retention as the membrane can be rehydrated 
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with water vapour from the gas feeds or flow the water produced by the cell. In a sensor device, 
the current densities will be significantly lower, and thus the benefits of a higher conductivity are 
diminished as water retention becomes the more important factor. Therefore, while SPEEK may 
not be as prudent as a material as Nafion for power generation, sensors may indeed be a 
potential application for SPEEK membranes. 
 With the incorporation of sulfonated silicas within the Nafion, an improvement in the 
conductivity of the membrane is observed. This is especially true at higher humidities. This 
improvement is also achieved whilst the water-uptake of the Nafion/SS is lower than the 
unmodified Nafion. This would indicate that the introduction of the sulfonated silica improves 
the performance of the composite whilst requiring less water to achieve the performance. This 
could have profound effects within a sensor role under dry environmental conditions.  
 The SPEEK/SS composite membrane, even with a respectable water uptake value, has 
very low ionic conductivity performance. This is mainly due to the fact that SPEEK has a more 
ridged pore network for water movement compared to Nafion [5]. As the sulfonated silicas 
incorporated into the SPEEK also very rigid, the ability of this composite to flex and open up new 
water channels is greatly diminished. This means that while the composite can hold the water, 
channels would not be formed from the anode to the cathode to promote water movement.  
4.3.2 In‐Situ Fuel Cell Sensor Characterization 
 In order to evaluate the membranes without introducing other variables that could 
influence the results, identical electrodes were used for each MEA [16]. The electrode used was 
a JM100 platinum black on carbon paper (Toray TPGF-090, 10 wt% wet-proofing) with a platinum 
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loading of 0.87 mg/cm2. The MEAs were held with a clamping force of 4520 N within the UOIT 
cell, and allowed to equilibrate at 95% RH at 25 °C for 24 hours before a sensing measurement 
was performed. After sensing, the UOIT cell was switched into diagnostic mode to evaluate the 
effects of humidity on the MEA. The humidity was then reduced to 45% RH, and the cell was 
conditioned at this RH for 24 hours before the next sensing test was performed. Afterwards, the 
UOIT cell was switched back into diagnostic mode to evaluate the effects of this drier humidity 
on the MEA.  
 The SPEEK/SS membrane was synthesized into an MEA, but it had extremely poor 
performance and hence that data will not be discussed in this section.  
4.3.2.1 Fuel Cell Sensor Testing  
 Figure 4.12 shows the calibration curves, as well as the individual peak currents at 0.09 
BAC for Nafion, Nafion/SS, and SPEEK. Figure 4.12B and Figure 4.12D show typical response 
peaks. The Nafion/SS material does tend to drift from baseline at 45% RH. This is attributed to 
the MEA becoming much more resistive in the drier environment. This will include both the 
membrane, as well as the CL becoming drier.  
 Nafion shows typical transient responses, as well as good linearity in the calibration plot. 
The response at 45% RH is larger than the response at 95% RH, as well as the corresponding 
sensitivity (seen in Figure 4.13). This type of behavior is characteristic of localized flooding at the 
catalyst layer. Under high humidity conditions, the amount of water absorbed by the Nafion is 
quite significant. The Nafion is a very thin material, and thus cannot hold significant amounts of 
water. The excess water will move into the interfacial space between the Nafion and catalyst 
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layer, and flood the catalyst sites. This will reduce the overall number of catalyst sites available 
for ethanol oxidation/oxygen reduction, reducing the overall current response.  
 
Figure 4.12: Calibration Curves at A.) 95% RH and C.) 45% RH for Nafion, Nafion/SS, and SPEEK. 0.09 BAC Transient 
Responses at B.) 95% RH and D.) 45% RH for mentioned membranes. Calibration curves obtained at 25 °C 
 
Table 4-2: R2 values for the calibration curves measured in Figure 4.12
Membrane R2 (95% RH) R2 (45% RH) 
Nafion115 0.97 0.99 
Nafion/SS 0.99 0.99 
SPEEK 0.77 0.95 
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As the membrane dries in 45% RH conditions, the excess water is removed from the catalyst 
layer, opening up more catalytic sites, and improving the current response generated.  
 SPEEK shows linearity up to 0.09 BAC, and then begins to plateau. This would indicate 
severe flooding of the fuel cell. While water was not detected on the outflow port on the fuel cell 
during sensing, the plateau would indicate that the number of sites available for ethanol 
oxidation reaches a maximum due to the fact a large number of potential catalytic sites are 
flooded with excess water. SPEEK does contain significantly more water than Nafion, and this 
excess water would therefore cause severe flooding at higher BAC measurements. At 45% RH, 
there is a significant drop in performance, highlighting the poor performance of the SPEEK 
membrane compared to Nafion.  
 Figure 4.13 shows the overall sensor performance for SPEEK, Nafion115 and 
Nafion115/SS. Figure 4.13A and Figure 4.13B show the membrane sensitivity factors, which are 
the slopes of the calibration curves seen in Figure 4.12A and Figure 4.12C. Figure 4.13A highlights 
the area normalized sensitivity factor, while Figure 4.13B shows the sensitivity normalized for 
mass of platinum. As the platinum loadings are identical, it is expected the normalized 
performance would be similar. When compared to the normalized sensitivity for the Dräger MEA, 
Nafion shows better performance at 45% RH. With respect to Nafion/SS, the raw performance is 
not at all comparable to that of Nafion115. The silica may be detrimentally blocking the pores for 
proton conductivity when pressed into an MEA, and hence can reduce the overall performance 
of the material. SPEEK shows poor performance at both 95% RH and 45% RH. This shows the 
superiority of Nafion over SPEEK materials, hence their favour in power generating devices.  
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Figure 4.13: Sensor performance for SPEEK, Nafion115 and Nafion115/SS. A.) is the raw sensitivity, B.) is 
normalized for platinum mass sensitivity, C.) is the sensitivity ratio between 95% and 45% RH, and D.) is the 
efficiency of the material at 95% and 45% RH 
 
  
Table 4-3: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 4.13, 









Nafion 115 3.44 8.51 0.40 
Nafion/SS  1.26 1.39 0.91 
SPEEK 2.61 0.66 3.95 
Drӓger 6.98 5.89 1.19 
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 Figure 4.13C compares the ratio of the sensitivities measured 95% RH and 45% RH. With 
regard to Nafion and Nafion/SS, the values are lower than 1, 0.4 and 0.91 respectively. This 
indicates that sensing performance is improved at lower RH conditions than at higher RH 
conditions. This again is explained due to the localized flooding at the catalyst layer. At 45% RH, 
the flooding is removed, and the excellent ionic conductivity of the Nafion, with its ability to 
utilize a low volume of water can conduct ions efficiently. The GDL has a significant influence and 
water management within the catalyst layer. Chapter 6 examines the influence of the GDL on 
water management. With regard to SPEEK, the ratio is 3.95. This indicates that performance is 
better at 95% RH then compared to 45% RH.   
 Finally, Figure 4.13D investigates the percent error between various sample BAC 
concentrations. The percent error highlights how a sensor calibrated at 95% RH would perform 
when exposed to an environment of 45% RH without recalibration. Therefore, the percent error 
will show how the transient response changes with respect to humidity. A high percent error 
would indicate that the measured sensitivity at 45% RH is significantly different than the 
measured sensitivity at 95% RH. With regard to Nafion, the percent error is extremely large for 
all the three concentrations tested. This indicates that if a sensor is calibrated at 95% RH, and a 
sample is taken at 45% RH, the true BAC value would not be properly identified. Since both Nafion 
and the electrode tested are highly dependent on the RH of the system, it is no surprise a 
substantial percent error is observed for this material. While Nafion may have good overall 
performance, the large percent error would mean the sensor would constantly need calibration 
to ensure accurate responses were obtained. Nafion/SS shows significantly less percent error, 
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which indicates it is more stable to changes in relative humidity, and therefore would provide 
more reliable results, and be a more suitable sensor material.  
 SPEEK suffers from the same concerns that Nafion has, although not as large overall. The 
percent error is still sufficient that constant recalibration at the humidity tested for the day would 
be required to ensure accurate results.  
4.3.2.2 Diagnostic Cyclic Voltammetry Analysis 
  Figure 4.14-1.16 show the CVs after sensing experiments at 95% and 45% RH for Nafion, 
SPEEK, and Nafion/SS. The conditions for the CVs can be found in Chapter 2. Since hydrated gases 
are used, there is a risk of rehydrating the membranes as they are quite thin and can readily 
absorb water from the environment. Therefore, these diagnostic tests were performed after 
sensing to ensure that they would interfere with the conditioning of the MEA to the specified 
humidity.  
 The Nafion MEA shows a very slight decrease of ECSA in the hydrogen desorption region 
(0V to 0.4V, HDR), although it is not significant. This should not be expected as the sensor 
performance quite drastically changes from 95% RH to 45% RH. This would show evidence that 
the Nafion MEA is rehydrating during the diagnostic testing. This indicates that the CV that is 
presented in Figure 4.14 does not truly represent the hydration of both the CL and membrane 
during sensor testing. While this highlights Nafion’s ability to readily absorb water from a humid 
environment, the difference in performance at 45% RH compared to 95% RH would indicate that 
it is not able to readily absorb water from the breath samples injected into the fuel cell.  
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Figure 4.14: CV for JM100 (0.87 mg/cm2) with a Nafion 115 membrane after 95% RH and 45% RH sensing. 
Measurements performed at 25 °C with a N2 purged WE and H2 purged CE.  
 
Figure 4.15: CV for JM100 (0.87 mg/cm2) with Nafion/SS membrane after 95% RH and 45% RH sensing. 
Measurements performed at 25 °C with a N2 purged WE and H2 purged CE. 
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Figure 4.16: CV for JM100 (0.87 mg/cm2) with a SPEEK membrane after 95% RH and 45% RH sensing. 
Measurements performed at 25 °C with a N2 purged WE and H2 purged CE. 
 
Table 4-4: ECSA Values for the Nafion115, Nafion/SS, and SPEEK MEAs.
Membrane Charge (C/cm2) ECSA (m2/gPt) 
Nafion115-95% RH 0.01933 47.02 
Nafion115-45% RH 0.01907 46.38 
Nafion/SS-95% RH 0.01373 33.39 
Nafion/SS-45% RH 0.01284 31.23 
SPEEK-95% RH 0.01001 24.35 
SPEEK-45% RH 0.00404 9.83 
 
Nafion/SS also appears to suffer from the same rehydrating during diagnostic testing as Nafion 
has. The 95% RH ECSA value appears to be very similar to the 45% RH value. This would indicate 
that the CL is readily rehydrated from the humid gas flows.  
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 SPEEK shows expected behavior. The 95% RH sweep looks typical for a platinum/SPE MEA, 
with a very well defined HDR. At 45% RH, the CV shows a typical response, but a lower response 
is observed in the HDR region. This would indicate that SPEEK does not readily absorb water from 
the humid gas flows as Nafion and the Nafion/SS composite do. The drop in ECSA with the SPEEK 
MEA explains the drop in performance seen during the sensing test. If the CL becomes 
dehydrated, there are less active catalytic sites to allow for ethanol oxidation, as well as oxygen 
reduction. This would cause an overall drop in performance of the MEA.   
4.3.2.3 Diagnostic EIS Measurements 
 Table 1-1 shows the resistances obtained from the high frequency region (HFR) from the 
EIS measurements, as well as the calculated area specific resistance (ASR) determined from the 
ex-situ conductivity tests with estimated interfacial resistances.  
Table 4-5: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated with 




ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
Nafion 115-95% RH 0.94 0.185 0.255 
Nafion 115-45% RH 0.96 1.04 N/A 
SPEEK-95% RH 1.18 0.179 0.501 
SPEEK-45% RH 2.24 12.46 N/A 
Nafion 115/SS-95% RH 1.31 0.126 0.684 
Nafion 115/SS-45% RH 1.5 0.700 N/A 
  
 As expected, the Nafion/JM100 electrode have the lowest resistance, and this is 
associated with the fact the PTFE binder has a similar chemical composition and structure to the 
Nafion. This allows for a more intimate contact during hot pressing.  
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 SPEEK shows an increase in the interfacial resistance as expected. PTFE and SPEEK are of 
very different chemical compositions, and hence would not form an interface as intimate as 
Nafion/PTFE. Finally, the Nafion/SS has the highest interfacial resistance. This indicates that the 
sulfonated silica, which does have hydrophilic properties, has a reduce interaction with the 
hydrophobic PTFE. The silica within the Nafion as well is much more rigid compared to 
unmodified Nafion, and this could also prevent the formation of a solid interface from forming. 
In order to improve the interfacial resistance for these materials, and improve overall sensing 
performance, using a binder within the electrode that is of identical composition to the 
membrane would be beneficial. Easton et al. found that by using an electrode that used SPEEK 
as the binder with an SPEEK membrane significantly reduced the interfacial resistance [17]. By 
reducing interfacial resistance, ionic transport into and out of the CL would be improved, which 
would have the overall beneficial effect of improving water management within the MEA.  
 Comparing the RHF at 95% RH to the 45% RH can determine how ionic conductivity 
changes within the MEA. Since RCell is constant, the change in RHF would be directly related to the 
changes in RMembrane and RInterface. The Nafion MEA shows no change in the HF resistance. This 
indicates that during the diagnostic testing, the Nafion MEA is definitively rehydrating from the 
humid gases that are being introducing during the CV and EIS measurements.  
 The RHF for the Nafion/SS does show a slight increase. Coupled with the slight drop in 
ECSA, it would indicate that both the membrane and CL are becoming slightly dehydrated. This 
would indicate that this material does not as readily absorb water from the humidified gases as 
readily as the Nafion does.  
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 Finally, the SPEEK shoes a significant increase in RHF from 95% RH to 45% RH. Coupled 
with the drop in ECSA from the CVs, it can be said that both the SPEEK membrane, as well as the 
CL are becoming sufficiently dry in the 45% RH environment. This MEA does not readily absorb 
water from the humidified gases as Nafion and Nafion/SS do.  
4.4 CONCLUSIONS 
 The goal of this chapter was to investigate commercially available SPEs that are employed 
in power generating devices. Modifications to these materials that show promise of improved 
performance were also investigated. The ionic conductivity and water-uptake of both SPEEK and 
Nafion/SS showed better performance compared to Nafion. SPEEK in particular had higher water 
retention properties than Nafion, which would have a higher benefit for low current density 
applications like sensors for fuel cells. Nafion/SS showed not only higher conductivity, but slightly 
increased water retention to pure Nafion. The SPEEK/SS material showed good water retention, 
although not as high as SPEEK. The ionic conductivity of SPEEK/SS was extremely poor however.  
 Overall analysis of the sensor testing has led to three main conclusions. The first is that 
thin SPEs, such as the materials presented here, are more susceptible to sensitivity fluctuations 
with variations in relative humidity. Under wet environments, Nafion suffers from localized 
flooding using a platinum black electrode. SPEEK also suffered from the same issue, but became 
much more apparent when it began to absorb water from the ethanol samples. When SPEEK 
dries out, its sensor performance drops off quite readily. This is due to the loss of water in both 
the membrane and CL, resulting in lower performance at lower RHs. Nafion on the other hand 
showed better performance under drier conditions, which indicates that ionic conductivity is still 
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quite good, even with very little water. However, while these materials have both higher overall 
sensitives to that of Nafion/SS, the Nafion/SS has the overall best qualities for a sensor device. 
Its sensitivity is much more stable than Nafion and SPEEK: the percent error of this material is 
significantly lower than that of SPEEK or Nafion. This would indicate that if the device was not 
calibrated for the conditions it were to be tested in, using Nafion/SS as the MEA would offer the 
best performance and is less likely to give false positive or negative results.   
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Chapter 5  
SENSOR DEVICES MANUFACTURED 
WITH PVC MATERIALS 
Part of the work described in this chapter has been published as: 
J.T. Allan, L.E. Prest, E.B. Easton, The sulfonation of polyvinyl chloride: Synthesis and 
characterization for proton conducting membrane applications, Journal of Membrane Science, 
489(2015) 175-82 
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5.1 INTRODUCTION TO PVC MEMBRANE MATERIALS 
 While SPE membranes have become the standard within the power generating fuel cell 
community, this was not always the case, and in certain applications today, SPEs are not used. 
When fuel cell interest was revived in the 1950’s and 60’s, the most commonly used electrolyte 
material was a solution of acid or base [1,2]. The electrolyte would flow between two platinum 
electrodes, without any solid support for the electrolyte its self. This all changed in the 1960s 
when researchers at Shell began to look at plastic materials to support the electrolyte, rather 
than have it constantly flow [3]. This meant that a storage vessel for the electrolyte was not 
required, and it reduced the size and complexity of the fuel cell.  
 The plastic matrix used today in modern breathalyzers is a polyvinyl chloride (PVC) 
material. They were adapted from battery separator technology and are created by sintering PVC 
powder to form a packed porous material [3]. Figure 5.1 shows an SEM image of the PVC used in 
commercial BrASs. The material it’s self is very porous, with the average pore diameter being  
10 µm, as well as the pressed spheres themselves.  
 
Figure 5.1: A.) Optical image of PVC used in commercial BrAS. B.) SEM of the PVC material used. Average size of 
both pores and sphere is 10 µm 
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 While PVC does not have intrinsic properties to aid in the conduction of protons, its high 
porosity allows for the filling of the pores with a suitable electrolyte, which is usually 4M H2SO4 
(aq). While PVC is hydrophobic, due to the porous nature of the material, the PVC is able to hold 
the electrolyte due to the capillary action. The small pores within the PVC act as small capillaries, 
which are able to absorb water and electrolyte, even though the material is hydrophobic.  
 There are limitations to using PVC as it is used in a BrAS. The first is that leakage is a very 
common problem. Under high humidity conditions (around 100% RH), the hygroscopic nature of 
the sulfuric acid solution allows more water to absorb into the pores. There is a limit as to the 
volume of water that can be retained before it will start seeping out of the PVC matrix, flooding 
the anode and cathode and causing performance losses. As well, in very dry conditions, water 
can evaporate from these pores. As water is essential for proton conductivity, without the water 
present, proton conductivity will decrease, which leads to an overall loss of performance of the 
cell [4].  
 This chapter will investigate the PVC material used within BrASs. Various modifications to 
the PVC it’s self will be investigated to determine its effect on the performance of the PVC 
material. These modifications include introducing both silane materials, as well as Nafion into the 
pores of the PVC. Simultaneously, chemically modification of the PVC will be investigated to 
determine if effecting the hydrophobicity of the PVC matrix its self will have an effect on 
performance.  
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5.2 MATERIAL PREPARATION 
 Unless otherwise stated, all materials received are used without workup or purification. 
The PVC studied was donated by Alcohol Countermeasure Systems (ACS).  
5.2.1 Membranes 
 The following membranes were evaluated in this chapter: PVC sulfonated silica composite 
(here on after known as PVC-SS), sulfonated PVC (here on after known as PVCs), PVC-
Ethanolamine (here on after known as PVC-EtA), and PVC-Nafion composites. Detailed synthesis 
for each membrane can be found in Chapter 2.1.1. The reaction schemes for the synthesis of 
PVCs and PVC-EtA can be found in Figure 5.2.  
 
Figure 5.2: Reaction diagram for A.) Synthesis of PVCs and B.) Synthesis of PVC-EtA 
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 The Nafion loading for the PVC-Nafion composite was ca. 3.6% and the sulfonated silica 
loading for the PVC-SS was ca. 10.1%.  
5.2.2 MEA Synthesis 
 JM100 was used for all catalyst materials for this study. It was coated onto both carbon 
paper and carbon cloth: PVC-SS, PVC-Nafion, and PVC-EtA (with a PVC control) used carbon 
paper, while the PVCs materials (with PVC control) used carbon cloth. The detailed synthesis of 
the electrode can be found in Chapter 2.1.2.2. All PVC membranes (unless otherwise stated) were 
imbued with 4M sulfuric acid before pressing. The hot press conditions for all PVC based 
membranes was 80 °C for 3 minutes with a pressure of ca. 350 kg/cm2. After hot pressing, the 
PVC membranes were immersed into 4M sulfuric acid to ensure complete filing with acid, and 
placed into the fuel cell with a clamp force of 4520 N.  
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5.3  RESULTS AND DISCUSSION  
5.3.1 Ex‐Situ Physical Characterization 
5.3.1.1 TGA 
5.3.1.1.1 PVC Composites 
 Figure 5.3 shows the TGA and DTG for the unmodified PVC material, as well as PVC-Nafion 
and PVC-SS.  
 PVC has two main degradation peaks. The first occurred at ca. 230 °C which is due to the 
loss of pendant chloride as HCl gas, leaving residual polyethylene and/or cross-linked 
hydrocarbon backbone [5]. The second occurred at 425 °C and is attributed to the backbone 
degradation of PVC, resulting in volatile aromatic compounds [5].  
 
Figure 5.3: A.) DTG and B.) TGA of PVC, PVC-Nafion, and PVC-SS.  Measurement was performed under Ar with a 
ramp rate of 10 °C/min up to 1000 °C. 
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 The PVC-Nafion composite can be analyzed as if the PVC and Nafion spectra were overlaid 
with one another. The Nafion degradation analysis was explained in detail in Chapter 4. The DTG 
does show two peaks occurring between 225 °C and 375 °C. The first of the two peaks 
corresponds to the Nafion side chain degradation, and the second is the loss of the HCl in the 
PVC. The second peak, which begins again at 425 °C, would correspond to the Nafion and PVC 
backbone degradation. The residual mass of the PVC and PVC-Nafion are very similar, with only 
a slight increase in weight for the PVC-Nafion. PVC has a residual mass of 8.8% while PVC-Nafion 
has a residual mass of 10.5%. This would indicate that only about 1.8% of the composite is Nafion. 
While this value may appear low, this will have a significant impact on the performance of this 
material which will be discussed later in this chapter.  
 The PVC-SS shows a similar trend to the PVC-Nafion, but with a larger peak at a lower 
temperature, and the reduction in size of the second peak below 375 °C. The degradation of the 
sulfonated silica side chain would occur at this temperature, and it appears the degradation of 
the silica side chains affects the stability of the PVC chloride group. This would mean that as the 
silica begins to degrade, it catalyzes the degradation of the HCl, resulting in a PVC backbone of 
crosslinked polymers and polyethylene. The second degradation peak at 425 °C remains 
unchanged, indicating backbone degradation of the PVC. The silica backbone, which consists of 
SiO2, would not degrade, as unlike the Nafion/SS composite discussed in Chapter 4, the HCl that 
PVC contains does not interact with the silica groups. Therefore, the residual mass of 23% for the 
PVC-SS would constitute a loading of approximately 13% silica to the PVC.  
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5.3.1.1.2 Sulfonated PVC 
 The sulfonation of PVC required a multistep process to complete. While literature has 
stated PVC can be sulfonated directly with sulfuric acid [6], repeated attempts on the PVC 
material used in BrASs proved unsuccessful. TGA (and IR) confirmed that no sulfonation reaction 
did take place. This could be due to the fact the material used in the report had a much greater 
surface area, and noted that some of the PVC showed corrosion effects, which needed to be 
avoided in this study as if the pore structure collapsed, ionic conductivity would significantly 
decrease [6].  
 The first step in the sulfonation reaction was to aminate the PVC. Various amination 
reagents are available, however ethylene diamine (EDA) proved to be the most effective and 
easiest to do. PVC was therefore first converted to a PVC-ethylene diamine polymer, which will 
be denoted as PVC-EDA. Figure 5.4 shows the DTG/TGA for PVC and the PVC-EDA samples at 
various amination times.  
 Two trends can be clearly observed. The first peak decomposition begins to shift from an 
onset of 225 °C to decreasing temperatures as reaction times increase. The aminated samples 
have an onset of 160 °C, which would be the decomposition of the ethylene diamine side chain, 
which has now replaced the pendent chloride group. The second observation is the residual mass 
begins to increase with increasing reaction time. 
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Figure 5.4: A.) DTG and B.) TGA of PVC and the various PVC-EDA membranes created. The number denotes the 
amination time for that given membrane. Measurement was performed under Ar with a ramp rate of 10 °C/min 
up to 1000 °C. 
 The chloride group has a molecular mass of 35.45 g/mol, while the ethylene diamine side 
chain has a mass of 59.1 g/mol, assuming no cross linking. Therefore, it is expected that as the 
amination reaction increases, the replacement of the chlorine to an ethylene diamine group 
would have the overall effect of increasing the residual mass of the polymer, and this is what is 
observed. There is an abnormality with the PVC-EDA24Hrs: the decomposition occurs over a 
broader temperature range compared to the other PVC-EDA samples. Since EDA contains two 
terminal amine groups, cross-linking of these amines is a possibility, and others have observed 
this in literature [7]. Therefore, if the reaction proceeds for a significant amount of time (> 240 
minutes), significant cross-linking becomes a dominant factor within the polymer, leaving less 
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 After the amination, the membranes are placed into a 4M sulfuric acid solution for 24 
hours to allow the sulfonation reaction to take place. Figure 5.5 shows the DTG/TGA of the now 
sulfonated PVC materials, denoted as PVCs.  
 
Figure 5.5: A.) DTG and B.) TGA of PVC and the various PVCs membranes created. The number denotes the 
amination time for that given membrane. Measurement was performed under Ar with a ramp rate of 10 °C/min 
up to 1000 °C. 
 The first decomposition for these sulfonated samples follows a similar trend to the PVC-EDA 
samples. The initiation of decomposition of the side chain begins at a lower temperature 
compared to the PVC-EDA samples: approximately 150 °C. This would indicate that sulfonic 
acid/nitrogen bond that is formed is quite weak, and thus initiates the degradation of the side 
chain at a lower temperature compared to materials such as Nafion and SPEEK. The residual mass 
also increases with increasing reaction time as well. There is a significant increase in residual mass 
as the amination/sulfonation reaction proceeds for longer than 120 minutes. This would indicate 
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that the amination reaction does not yield an appreciable amount of the EDA side chain unless 
the reaction proceeds for a time greater than 60 minutes.  
 Figure 5.6 compares the DTG/TGA obtained for PVC, PVC-EDA240, and PVCs240 to 
observe the effects the amination and sulfonation have on one another compared to PVC.  
Figure 5.6: A.) DTG and C.) TGA of PVC, PVC-EDA240, and PVCs240. B.) High Resolution DTG and D.) High 
Resolution TGA of PVC, PVC-EDA240, and PVCs240. Measurements for A.) and C.) were performed under Ar with 
a ramp rate of 10 °C/min up to 1000 °C. B.) and D.) were performed under Ar with a ramp rate of 10 °C/min up to 
1000 °C with isothermal holds when weight loses of >0.5% were detected. Ramp would continue once weight loss 
had ceased.  
 Figure 5.6A and Figure 5.6C show the DTG and TGA of PVC, PVCs240, and PVC-EDA240 
with a heating ramp of 10 °C/min. With respect to PVCs240 and PVC-EDA240, there is clearly a 
difference in the degradation of the two membranes between the temperatures of 150 °C and 
300 °C. These degradations are associated with the addition of the EDA to the PVC backbone, but 
it is quite clear that the PVCs degradation occurs at a slightly lower temperature to that of the 
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PVC-EDA. This indicates that the sulfonic acid does reduce the high temperature stability of the 
membrane.  
 Figure 5.6B and Figure 5.6D show the high resolution DTG and TGA of the mentioned 
membranes. This method resolves the peaks to an extremely high resolution. With respect to the 
PVC, there are 5 clearly defined peaks observed. The first two (225 °C and 275 °C) correspond to 
the pendent HCl degradation. This degradation leaves a residual material that is either a 
polyethylene based in nature or cross-linked. The second peak at 275 °C could correspond to the 
cross-linked PVC degrading to form a backbone that consists entirely of a polyethylene based 
system. The three peaks at 380 °C, 410 °C and 450 °C correspond to the degradation of the 
backbone to soot. Since there are three peaks, it would indicate a three step process occurs for 
this degradation.  
 While both PVCs and PVC-EDA have similar backbone degradation patterns, what is of 
interest are the peak patterns that are observed sub 200 °C. PVCs has an initial weight loss 
occurring at 160 °C, while PVC-EDA shows its first weight loss occurring at 175 °C. This clearly 
shows that the sulfonation does decrease the heat stability of the membrane. The introduction 
of the sulfonic acid group initiates the degradation of the ethylenediamine side chain as well. A 
second major loss for both these materials is observed around 200 °C, with PVCs showing the 
degradation occurring at a lower temperature compared to PVC-EDA, and this is likely the HCl 
pendent that would still be present on the PVC, as not all the –Cl groups would have been 
replaced with EDA. This would occur at a lower temperature for these two modified membranes 
compared to the unmodified PVC as they already have begun degrading, which would have the 
effect of lowering the overall stability of the polymer.  
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 Along with the TGA data for these sulfonated and aminated samples, elemental analysis 
was performed to ensure the reaction did indeed graft amine and sulfonic acid to the PVC 
backbone. This can be observed in Table 5-1. 
Table 5-1: Elemental Analysis for various PVC, PVC-EDA, and PVCs samples. Values of <0.5% for Nitrogen content 










PVC 37.86 52.52 <0.5 <0.3 
PVC-EDA60  40.18 48.68 1.48 <0.3 
PVC-EDA240 47.90 34.35 5.25 <0.3 
PVC-EDA24Hrs 61.26 6.61 10.61 <0.3 
PVCs-60 39.69 48.39 1.61 <0.3 
PVCs-240 40.55 26.21 4.38 6.39 
PVCs-24Hrs 43.55 4.58 7.44 7.93 
  
 Based on the analysis found in Table 5-1, it is clear that the amination reaction did occur. 
As reaction time increases, as does both the nitrogen content, and sulfur content. What is 
interesting is while PVC-EDA60 was aminated, the value is below the detection limit for Sulfur, 
indicating sulfonation had not occurred. .  
5.3.1.1.3 PVC-Ethanol Amine 
 Along with using a diamine species to chemically modify the PVC, ethanolamine (EtA) was 
also investigated, as it has a very similar structure, but in place of one amine group is an alcohol 
group. The alcohol group would not only add hydrophilic regions to the PVC, but sulfonation 
could potentially occur as well. Figure 5.7 shows the DTG/TGA for the PVC, PVC reacted in 
ethanolamine for 240 minutes (denoted here on as PVC-EtA240) and PVC-EDA240 for 
comparison.  
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Figure 5.7: A.) DTG and B.) TGA of PVC, PVC-EDA240 and PVC-EtA240. Measurement was performed under Ar 
with a ramp rate of 10 °C/min up to 1000 °C. 
  With the introduction of the ethanolamine side chain, there is a subsequent reduction in 
thermal stability. The onset of degradation begins at 210 °C, and this constitutes the 
ethanolamine side chain, along with the pendent HCl.  
 PVC-EtA240 to PVC-EDA240, the degradation of latter begins at a lower temperature 
compared to the former. It would appear the PVC-EtA has a higher thermal stability compared to 
the PVC-EDA. This could be attributed to the fact the PVC-EDA could potentially cross-link. This 
cross-linking could have the effect of reducing the overall thermal stability of the membrane. The 
alcohol group within the ethanolamine is not sufficiently nucleophilic enough to react with the 
carbon that contains the chlorine, preventing cross-linking.  
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5.3.1.2 Infrared Spectroscopy.  
5.3.1.2.1 PVC Composites 
 The FTIR for the PVC composites are displayed in Figure 5.8. The IR spectrum for PVC can 
be classified according to literature as follows: 2950 cm-1,  1425 cm-1, 1340 cm-1, 1200 cm-1, 1050 
cm-1, and 950 cm-1, correspond to the various C-C and C-H vibrations that is found within the PVC 
polymer [8]. The large peaks at 700 cm-1 and 650 cm-1 correspond to the C-Cl stretches [9]. There 
is a small, wide peak present above 3000 cm-1 which corresponds to absorbed water by the 
extremely hygroscopic KBr used in the press pellet.  
 The PVC-Nafion can be classified as follows: a large –OH stretch above >3000 cm-1 is 
observed in this case due to the KBr absorbing water, which the Nafion can now interact with to 
form –OH bonds. 1650 cm-1 corresponds to the vibration of liquid water present in the 
membrane, indicating that water is present, even after drying [10]. The very broad peak present 
at approximately 1100 cm-1, which dominates this spectra compared to the PVC is the –CF2 
stretching, which corresponds to the Nafion backbone. Finally, the O=S=O stretches are present 
at 1220 cm-1. Therefore, from the observations described, the Nafion has been incorporated into 
the PVC matrix.  
  The PVC-SS can be classified as follows: above 3000 cm-1, -OH stretching is observed, 
which corresponds to water absorbed by the KBr, as well as by the silicate itself, allowing for 
hydrogen bonding to occur with the sulfonic acid groups present within the polymer. 
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Figure 5.8: FTIR of A.) PVC, C.) PVC-Nafion, and E.) PVC-SS. FTIR Finger Print Region of B.) PVC, D.) PVC-Nafion, and 
F.) PVC-SS 
 The spectra for this composite also has a very large, broad dominate peak at 1090 cm-1, 
which would correspond to the Si-O-Si stretches that were observed for the Nafion-SS 
composites in Chapter 4. With this information, it can be conclusively stated that a silicate 
network has been synthesized within the pores of the PVC matrix.  
5.3.1.2.2 Sulfonated PVC 
 The sulfonation of PVC will chemically modify the backbone of the PVC. Since it is 
expected the amination will only occur at the C-Cl locations, a reduction in the C-Cl stretch sub 
800 cm-1 was expected and indeed observed. Figure 5.9 shows the FTIR for PVC, PVC-EDA240, 
and PVCs240, and this observation is indeed observed.  













































- 131 - 
 
 The PVC-EDA240 shows a similar IR correlation with the PVC. There are significant 
additions however to the spectra for PVC-EDA240. The first is a very large peak >3000 cm-1, which 
corresponds to an –NH stretch vibration that would have contributions from both the primary 
and secondary amines present in this polymer. The second significant addition is two very 
prominent peaks present at ≈1590 cm-1 and 1490 cm-1. The former corresponds to an –NH2 bend 
found only for primary amines, while the later corresponds to a –CH2 that is introduced on the 
addition of the ethylene diamine molecule to the polymer [11]. This would indicate that the 
ethylene diamine did incorporate into the PVC backbone, and with the presence of the –NH2 
peak, terminal primary amines are still present, indicating that cross-linking did not fully occur, 
although it is possible a small amount may have cross-linked.   
 The PVCs240 has a similar IR spectrum to that of PVC, with important additions. A large 
broad peak occurs at 3500 cm-1, which corresponds to free –O-H stretching present in the sulfonic 
acid group. The peak >3000 cm-1 is quite broad and would correspond to a secondary amine 
stretch. Evidence of the removal of the primary amine to only secondary amines can be found by 
the absence of the large peak at 1590 cm-1 which was present in the PVC-EDA240 sample. This 
indicates that the primary amine has now reacted with the sulfuric acid to form a nitrogen-sulfur 
bond. The peak at 1625 cm-1 corresponds to free water within the membrane. The most 
significant contributions to the IR spectra for the PVCs240 occur at 1190 cm-1 and 1150 cm-1. 
These would be the S=O and O=S=O stretches found within the sulfonic acid group. This indicates 
that the sulfonic acid group has successfully been covalently bonded to the PVC backbone. 
- 132 - 
 
Figure 5.9: FTIR of A.) PVCs240, C.) PVC-EDA240, and E.) PVC. FTIR Finger Print Region of B.) PVCs240, D.) PVC-
EDA240, and F.) PVC 
5.3.1.2.3 PVC-Ethanol Amine 
 Figure 5.10 show the FTIR for PVC, PVC-EtA240 and PVC-EDA240 for comparison. PVC-
EtA240 shows an extremely prominent peak at 3490 cm-1 which correlates to the –OH stretching 
present for ethanolamine. This would also suggest water is present within the sample, which is 
evident by a strong peak at 1620 cm-1. Since this material was dried prior to FTIR analysis, it would 
indicate that this material is extremely hygroscopic, absorbing water from the atmosphere, as 
well as readily with the KBr (which was also dried). While it is difficult to distinguish between the 
C-N stretches and C-O stretches (as they overlap with the PVC backbone stretches as well) within 
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temperature between the PVC and PVC-EtA240 found in the TGA analysis confirm that the PVC 
was functionalized with the ethanolamine.  
Figure 5.10: FTIR of A.) PVC-EtA240, C.) PVC-EDA240, and E.) PVC. FTIR Finger Print Region of B.) PVC-EtA240, D.) 
PVC-EDA240, and F.) PVC 
5.3.1.3 Ion Exchange Capacity 
 The IEC and EW values for all the membranes synthesized and tested in this chapter can 
be found in Table 5-2. As PVC has no proton donating groups present, the IEC of the material is 
0. The PVC-EDA samples all reacted upon addition of the indicator, indicating the solution itself 
was already basic. As amine groups are regularly used as bases in organic chemistry, the PVC-EDA 
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IEC’s can be detected. While the values are quite low, it goes to further support the addition of 
the sulfonic acid groups to the backbone of the PVC 
Table 5-2: IEC Analysis for the membranes synthesized for this chapter. On addition of the indicator to the PVC-
EDA solution, the indicator turned from clear to pink, indicating the presence of a basic species on the side chain: 
the free primary amine group. 
Membrane Equivalent weight (g) IEC (meq/g) 
PVC N/A 0 
PVC-EDA* N/A 0 
PVCs30 128127±20% 0.008±0.002 
PVCs60 28929±7% 0.034±0.002 
PVCs120 21005±15% 0.048±0.007 
PVCs240 37551±22% 0.03±0.006 
PVCs24Hrs 22073±17% 0.045±0.008 
PVC-SS 49040 ±8% 0.033 ±0.003 
PVC-Nafion 146375±31% 0.006 ±0.002 
PVC-EtA240 N/A 0 
  
 However, the error in the values are quite large compared to other PEM materials. This is 
attributed to two factors. The first is the surface modification reaction is occurring in a free-
standing porous film, which may create some heterogeneity in the membrane The second is that 
the EDA side chain does contain a secondary amine attached to the backbone of the PVC. When 
the proton is released, this amine could interact with the proton at neutral pH’s, and hence 
interfere with the IEC measurements. Elemental analysis (Chapter 5.3.1.1.2) was thus preformed 
to accurate quantify the amount of sulfonic acid present within the membrane.  
 The IEC analysis of the PVC-SS and PVC-Nafion did detect a measureable IEC. This would 
prove that the sulfonated materials were incorporated into the PVC matrix. The PVC-Nafion did 
show a significantly low IEC value. This can be attributed to the low loading of Nafion. The PVC-
SS shows a higher IEC value, due to an increased loading of the SS material.  
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5.3.1.4 Water Uptake Measurements 
5.3.1.4.1 PVC Composites 
 The water-uptake for the PVC-Nafion and PVC-SS materials are displayed in Figure 5.11. 
Since the PVC materials tested here are all porous, they are imbued with the 4M sulfuric acid 
before testing. Since the boiling point of sulfuric acid (337°C) is significantly higher than that of 
water, any changes in mass would be associated with water gains or losses.  
 
Figure 5.11: Water-Uptake measurements for PVC, PVC-SS, and PVC-Nafion. Measurements performed at 25 °C 
 The unmodified PVC shows the highest uptake over the range of humidities tested. This 
can be explained by the fact since there are no other components within the pores, there is more 
space within the pores for electrolyte, and hence is able to more readily hold electrolyte 
compared to the composites. Nafion and the silicates do occupy volume within the pores, and 
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of the PVC-Nafion. The backbone of the silicate (Si-O-Si), as well as the sulfuric acid group, are 
both hydrophilic. Due to the hydrophilic nature of these groups, they are more likely to retain 
water they come into contact with, and will not repel the liquid water. In comparison, PVC-Nafion 
has a much lower water uptake. The only hydrophilic region within the Nafion is the sulfonic acid 
region at the end of the side chain. The backbone and majority of the side chain are all 
hydrophobic, and would repel water that it would come into contact with. This would have the 
overall effect of lowering the water-uptake of the composite material.  
5.3.1.4.2 Sulfonated PVC 
 Figure 5.12 details the water-uptake of the sulfonated samples at the various reaction 
times investigated.  
 
Figure 5.12: Water-uptake measurements for PVC and the various PVCs membranes. Measurements performed 
at 25 °C 
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From the unmodified PVC to a reaction time of 60 minutes, there is no observable change within 
the water-uptake of the materials. As previously stated, a reaction time of 60 minutes is not 
adequate to sufficiently begin aminating the material. After 120 minutes, a clear increase in 
water-uptake is observed, showing a maximum water-uptake after a 24 hour reaction time. As 
the reaction time increases, as does the sulfonation rate. Since the sulfonic acid functional group 
is hydrophilic (as well as EDA in general), it is more readily able to interact with water within the 
pores without repelling the water. As well, sulfonic acid groups are hygroscopic, absorbing water 
in humid environments. When more sulfonic acid groups are placed onto the PVC backbone, the 
hygroscopic properties of the PVCs begin to increase, maximizing after a 24 hour reaction time. 
The 24 hour reaction time is able to double its weight in electrolyte compared to the unmodified 
PVC material.  
5.3.1.4.3 PVC Ethanolamine  
 The water-uptake for the PVC-EtA240 can be seen in Figure 5.13 with PVCs240 added for 
comparison. While the sulfonated sample shows a significant increase in water-uptake over the 
range of RHs tests, the PVC-EtA240, with a hydrophilic –OH group, has a lower water-uptake 
compared to the unmodified PVC.  This may be due to the fact that upon addition of the PVC-
EtA240 into sulfuric acid, an elimination reaction is taking place, which is dehydrating the 
terminal alcohol to form an alkene group. 
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Figure 5.13: Water-Uptake measurements for PVC, PVCs240 and PVC-EtA240. Measurements performed at 25 °C 
5.3.1.5 Ionic Conductivity 
5.3.1.5.1 PVC-Hybrids 
 Figure 5.14 shows the ionic conductivity of the PVC composites compared to the 
unmodified PVC. The trend here is very similar to that of the water-uptake trend observed in 
Figure 5.11: as RH decreases, as does the ionic conductivity. Overall, PVC has the highest overall 
conductivity. This can be attributed to the greater volume of water (and electrolyte) within the 
pores compared to the other two materials. This will significantly aid in proton conduction across 
all RHs. 
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Figure 5.14: Ionic conductivity for PVC, PVC-SS, and PVC-Nafion. Measurements performed at 25 °C 
 PVC does however show a significant decrease in performance below an RH of 65%, 
decreasing by more than a factor of two at 45% RH compared to its initial 95% RH conductivity. 
What this indicates is that while PVC is a significantly conductive, it requires a very large amount 
of electrolyte to allow for such conductivity. If the water-uptake decreases to a value of 80%, as 
it does at a RH of 45%, than ionic conductivity drops off quite significantly. Requiring such a higher 
water-uptake with a very hydrophobic material in a dry environment would be extremely difficult 
to maintain.  
 The composites also follow a similar trend in ionic conductivity: as RH decreases, as does 
ionic conductivity. The PVC-Nafion does have an edge in performance over the PVC-SS. This can 
be associated with the fact the Nafion is sufficiently loaded with water to aid in the proton 
conduction within the membrane. Nafion does show higher performance on its own compared 
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to comparable silicate membrane materials, and thus a composite composed of Nafion and PVC 
should have higher performance compared to that of a PVC-SS hybrid. While performance does 
decay as RH decreases, the decrease in performance is not as significant compared to that of 
PVC. This would mean the composites would be better adapted to environments with large shifts 
in humidity as they have better stability over the RH range tested compared to the unmodified 
PVC. 
5.3.1.5.2 Sulfonated PVC 
 Figure 5.15 compares the ionic conductivity of PVC vs. the PVCs membranes. As the 
surface modifications would not directly block the pores within PVC, a drop in performance is not 
expected. Simultaneously, as the electrolyte in the pores are the major proton carriers within the 
matrix, it is not expected that the sulfonation would impart significant improvements to the ionic 
conductivity, and this is what is observed. While there is a slight increase in performance, it is not 
statically relevant. The PVCs materials also follow the same trend as PVC, as the RH drops, 
performance drops off quite rapidly as well. This would indicate that while the PVCs would not 
be suitable for power generating devices, the extremely low current densities produced during 
sensing should would not require a material with a large conductivity, as water-uptake would be 
a more significant factor in performance.  
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Figure 5.15: Ionic conductivity for PVC and the PVCs membranes. Measurements performed at 25 °C 
5.3.1.5.3 PVC-Ethanolamine 
 Figure 5.16 is the ionic conductivity of PVC, PVC-EtA240 and PVCs240 for comparison. As 
this is a surface modification reaction, the pores should be free to hold more electrolyte and as 
the electrolyte is the major charge carrier, significant improvements were not expected. 
However, PVC-EtA240 shows comparable performance to PVCs240 to an RH of 65%, at which 
point, PVC-EtA240 appears to be more stable at the lower RH conditions. While PVCs240s 
performance decreases quite rapidly, the performance of the PVC-EtA240 material remains 
comparatively high.  To obtain a conductivity on par with the PVCs material while requiring 
significantly less electrolyte and water is ideal for sensor behavior. This would indicate that the 
PVC-EtA240 sample utilizes the electrolyte more efficiently than the PVC and PVCs240 material.  
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Figure 5.16: Ionic conductivity for PVC, PVC-EtA240 and PVCs240. Measurements performed at 25 °C 
5.3.2 In‐Situ Fuel Cell Sensor Characterization 
 Table 5-3 shows the MEA compositions for this study.  
Table 5-3: MEA compositions for this study. 
Membrane Catalyst Used GDL Used 
PVC-SS JM100 (1.13 mg/cm2)  Carbon Paper 
PVC-Nafion JM100 (1.13 mg/cm2) Carbon Paper 
PVCs JM100 (1.28 mg/cm2) None 
PVC-EtA JM100 (1.13 mg/cm2) Carbon Paper 
 
Along with the modified samples, unmodified PVC samples were used and created with both 
electrodes as a control/comparison. All PVC based MEAs were hot pressed with their respective 
gas diffusion electrode (GDE) at 80 °C with a force of 355.6 kg/cm2 for three minutes. The MEAs 
were then placed into the UOIT cell and held in place with a clamping force of 4520N. The same 


















 Figure 5.17 shows the calibration curves for PVC, PVC-Nafion, and PVC-SS, as well as the 
0.09 BAC transients for mentioned membranes. All three membranes behave ideally at both  
95% RH and 45% RH. A highly linear response was obtained, indicating that factors such as 
flooding of the CL is not occurring. The transients also show typical response behaviors. The 95% 
RH PVC and PVC-SS transients are in-fact shorter and wider than the 45% RH transients, which 
are narrower and peak at a higher current.  
  Figure 5.18 shows the analyzed calibration data found in Figure 5.17 for PVC, PVC-Nafion, 
and PVC-SS. The PVC material shows a small drop in sensitivity from 95% RH to 45% RH. This was 
attributed to the drier environment, which allowed water to evaporate from the membrane and 
CL to reduce performance. The stability of the PVC material is significantly better than the Nafion 
and SPEEK membranes discussed in Chapter 4 due to the PVC acting as a reservoir for 
electrolyte/water.  Since the PVC membranes are much thicker, they are able to hold more 
electrolyte compared to the SPEs membranes. Coupled with the low current densities produced, 
the amount of water retained by the PVC is sufficient for adequate sensing, even at 45% RH. The 
SPE materials, being much thinner, have lower water contents, and hence dry out much more 
rapidly. This in turn effects the stability of the materials, which is a major benefit when using PVC 
membranes within commercial BrASs.   
- 144 - 
 
Figure 5.17: A.) and C.) Calibration curves and B.) and D.) Transients at 0.09 BAC for the PVC, PVC-Nafion, and PVC-
SS MEAs. Measured at 25 °C 
  
Table 5-4: R2 values for the calibration curves measured in Figure 5.17
Membrane R2 (95% RH) R2 (45% RH) 
PVC 0.991 0.986 
PVC-SS 0.989 0.985 
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Figure 5.18: Sensor performance for PVC, PVC-Nafion, and PVC-SS. A.) is the raw sensitivity, B.) is normalized for 
platinum mass sensitivity, C.) is the sensitivity ratio between 95% and 45% RH, and D.) is the efficiency of the 
material at 95% and 45% RH 
 
Table 5-5: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 5.18, 









PVC 22.06 18.62 1.18 
PVC-Nafion  2.06 0.47 4.33 
PVC-SS 24.60 17.41 1.41 
Drӓger 6.98 5.89 1.19 
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 PVC-Nafion shows a similar decrease in performance from 95% RH to 45% RH, but the 
overall sensitivity is significantly lower compared to PVC.  Even with ca. 2% Nafion by weight in 
this composite however, the performance is extremely poor. The initial thought was by using the 
PVC as an electrolyte reservoir for the Nafion, sufficient ionic transport could be achieved by the 
Nafion alone, allowing for more stable performance. This is not the case however, and is 
attributed to Nafion’s hydrophobic nature. Nafion is peculiar in that it has both hydrophilic and 
hydrophobic properties. Thick Nafion membranes (as used as PEMs) are very hydrophilic. Thin 
films of Nafion however tend to be quite hydrophobic (thicknesses <250nm), and thus can act as 
barriers to water [12]. The Nafion may have cast within the pores of the PVC in very thin films on 
the surface of the PVC pressed spheres. If this is the case, the hydrophobic properties of the 
Nafion would be dominant, and repel water and electrolyte. Therefore, during sensing, the 
amount of available water for ion transport would be significantly reduced, significantly affecting 
performance, and this is what is observed. Figure 5.19 highlights this fact. 
 As PVC is extremely porous, the water in unmodified PVC readily enters the pores. 
However, with PVC-Nafion, not only does Nafion block pores, but it readily repels water. Since it 
repels water, the amount of water within the membrane would be very low, and this will greatly 
reduce performance. 
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Figure 5.19: Optical image of a PVC-Nafion composite with a bead of water on the surface. 
 The PVC-SS membrane shows an improvement in sensitivity at 95% RH, with a drop in 
sensitivity at 45% RH that is slightly lower than the unmodified PVC. While this factor is 
significant, what makes this remarkable is the amount of water required to obtain this 
performance. PVC had a water content of ca. 100 w/w% and ca. 80 w/w% for 95% RH and 45% 
RH respectively. The PVC-SS on the other hand had a water content of ca. 25 w/w% at 95% RH 
and ca. 18 w/w% at 45% RH. Therefore, PVC-SS is able to match the performance of the PVC 
material with significantly less water and ionic conductivity.  This has profound advantages. With 
less water, less acid is also present. This not only reduces the hygroscopic absorption of water by 
the sulfuric acid which causes leaching/flooding, but it also reduces the amount of corrosion that 
will inevitably occur using the sulfuric acid.  
 Figure 5.20 shows the CV’s for the PVC and PVC-SS during diagnostic testing after the 95% 
RH sensing. CVs could not be obtained after testing at 45% RH due to the highly resistive nature 
of the dried PVC and PVC-SS. The CVs after 95% RH and 45% RH sensing for PVC-Nafion are not 
shown at all as the material was extremely resistive at both humidities.  
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 The unmodified PVC shows a slightly increased ECSA (ca. 75 m2/gPt) compared to the PVC-
SS material (ca. 67 m2/gPt). The silicate within the PVC is effecting the surface area of platinum 
exposed to the electrolyte, which is not unexpected. Both CLs however are sufficiently hydrated.   
 
Figure 5.20: CV for the PVC MEA and PVC-SS MEA after 95% RH sensing using a JM100 (1.13 mg/cm2) catalyst. 
Measurements were obtained at room temperature with a N2-purged WE and H2-purged CE as the reference  
 
Table 5-6: ECSA values for the JM100 electrode on PVC and PVC-SS at 95% RH. 
MEA Charge (C/cm2) ECSA (m2/gPt) 
PVC-95% RH 0.0398 74.5 
PVC-SS-95% RH 0.03589 67.22 
 
The silicate within the PVC also does not affect the surface area of the catalyst, as was seen with 
the Nafion/SS composites in Chapter 4. This indicates that the silicates form deeper within the 
pores of the PVC rather than concentrating at the surface of the PVC.  
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 Table 5-7 shows the EIS results, as well as calculated interfacial resistance of the PVC, PVC-
Nafion, and PVC-SS. As the cell resistance was determined to be 0.5 Ω cm2, the interfacial 
resistances were determined using the method described by Easton et al. [13]. 
Table 5-7: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated with 




ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
PVC-95% RH 1.20 0.60 0.10 
PVC-45% RH 1.37 2.03 N/A 
PVC-Nafion-95% RH 96.98 1.15 95.33 
PVC-Nafion-45% RH 51.23 2.20 N/A 
PVC-SS-95% RH 1.79 1.54 (1.0) 0* (0.29) 
PVC-SS-45% RH 2.04 3.06 N/A 
  
 The interfacial resistance of PVC with the JM100 electrode is much lower compared to 
the resistance of a JM100 electrode with a Nafion membrane. The PVC particles and PTFE binder 
are both hydrophobic, and hence should interact with one another favorably during hot pressing. 
Due to the porous nature of the PVC as well, large sections of catalyst would be directly exposed 
to the liquid electrolyte, allowing for direct access of the catalyst to the electrolyte. This would 
benefit ionic transport, as well as water management within the catalyst layer. In Chapter 4, the 
Nafion MEA with a similar electrode had evidence of localized flooding at the CL layer, due to the 
fact the Nafion could not retain the water present in the system. As well, water produced in the 
CL layer compound that problem. In the PVC system, the PVC has such a large internal volume 
that water can readily diffuse through the PVC and not concentration at any one location. Due to 
the low interfacial resistance as well, water that is present in the catalyst layer can very readily 
move into the PVC under high humid conditions, preventing flooding.  
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 The RHF for PVC increases from 95% RH to 45% RH. Since the CV for the PVC MEA at 45% 
RH was highly resistive, it would indicate that while the catalyst layer may be drying out, the 
membrane is still sufficiently hydrated to allow for adequate ionic transport. In fact, the change 
in resistance for RHF is lower than the change in resistance measured during the ex situ 
conductivity. This may indicate that the PVC is not only reabsorbing a small amount of water 
during the diagnostic testing, but that water is moving from the CL into the membrane when 
exposed to a drier atmosphere.  
 The PVC-Nafion system showed extremely poor sensor performance, and the diagnostic 
testing also confirms the poor nature of this MEA. Since meaningful CV’s could not be obtained, 
it would indicate that both ionic transport through the MEA, as well as the hydration of the CL is 
significantly hindered. EIS measurements confirmed this. The total resistance of the PVC-Nafion 
MEA is significantly higher than the unmodified PVC. As PVC-Nafion MEA contains very little 
water its self, the CL would also remain significantly dry. This greatly increases the interfacial 
resistance, as well as increasing ionic resistance in both the CL and membrane. This explains the 
poor sensor performance at both 95% RH and 45% RH for this material.  
 The PVC-SS shows a unique trend. The RHF measured at 95% RH was very similar to the 
Rmembrane at 95% RH. As Rcell is constant, this would mean that there is no interfacial resistance, 
and this is not possible.  One potential explanation for this anisotropic nature of the membrane. 
What explains this irregularity is that the ex-situ conductivity measurements were performed in-
plane. For the calculated conductivity to be valid, σthrough-plane=σin-plane. With respect to the PVC-SS 
membrane, this is not valid. The Rmembrane,through-plane was determined to be 1.0 Ω cm2. By using 
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this value, the interfacial resistance in the UOIT fuel cell was determined to be 0.29 Ω cm2. The 
slight increase in ionic resistance would be attributed to the presence of the silicates.  
 Comparing RHF at 95% RH and RHF at 45% for the PVC-SS, there is a slight increase in the 
resistance. This is again expected as drier conditions would remove water from the PVC-SS 
membrane.  
5.3.2.1.2 Sulfonated PVC 
 Since PVCs has a completely different chemical surface to that of PVC, delamination of 
the electrode was of concern. It was found that while PVC could be dry pressed and pressed with 
various other solvents within the porous matrix and still yield obtainable results, PVCs had a very 
strict requirement for creating the MEA. First, the PVCs could not be dry pressed. While the 
electrodes would adhere, as soon as the MEA was introduced into the 4M sulfuric acid solution 
to imbue acid into the pores, the membrane would curl and cause the electrodes to delaminate. 
Therefore, the membrane had to be imbued with a solution of some sort before pressing to 
prevent curling. PVC could be loaded with various solvents, including water, isopropyl alcohol, or 
sulfuric acid. PVCs on the other hand required the use of sulfuric acid, as the other two solvents 
would not allow for a suitable interface to be created between the PVCs and electrode, as evident 
by Figure 5.21. In both cases, the MEAs were pressed with a platinum electrode on carbon cloth, 
but with the one sample loaded with water while the second was loaded with the 4M sulfuric 
acid that would be used as the electrolyte during sensor testing. The CV clearly shows that while 
pressing with water, none of the unique platinum regions are highly visible. Fuel cell testing of 
the water pressed MEA yielded no response to any ethanol concentration. When pressed with 
acid, not only was a typical CV response observed, but sensor data was able to be obtained.  
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Figure 5.21: Effect of press conditions on performance of PVCs materials using sulfuric acid and water. 
Measurements were obtained at room temperature with a N2-purged WE and H2-purged CE as the reference. 
Catalyst used was a JM100 with a loading of 1.28 mg/cm2 on carbon cloth.  
The sulfuric acid can be acting as a plasticizer for the PVCs membrane, increasing fluidity within 
the pores of the PVCs. 
 Figure 5.22 shows the calibration curves and transients for PVC, PVCs240 and Nafion. 
Nafion was included to showcase why they are not generally used in commercial BrAS sensors. 
The PVCs240 does appear to begin to plateau above BAC values of 0.09. This would indicate 
localized flooding at the catalyst layer. PVCs240 contained almost twice as much water as PVC at 
95% RH, and hence the internal volume of PVCs may not be sufficient to adequately disperse all 
the water throughout the membrane. Therefore, water will begin to collect on both the surface 
of the PVCs, as well as at the interface between the membrane and catalyst layer. This will limit 
gas diffusion, and affect performance.   
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Figure 5.22: A.) and C.) Calibration curves and B.) and D.) Transients at 0.09 BAC for the PVC, PVCs240, and Nafion115 
MEAS. Measured at 25 °C 
 
Table 5-8: R2 values for the calibration curves measured in Figure 5.22
Membrane R2 (95% RH) R2 (45% RH) 
PVC 0.989 0.999 
PVCs240 0.925 0.997 
Nafion115 0.991 0.991 
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 The Nafion transients at 95% RH show a response that is indicative of a collapsed MPL 
layer. As these MEAs contain no GDL, the support for the CL and MPL is greatly reduced.  Nafion 
can swell and relax depending on its hydration state. This will put stress on both the interface 
between Nafion and the CL, as well as the CL and MPL as a whole. If the MPL and CL collapse, 
water management and gas diffusion is affected. The initial sharp peak is due to the high flow 
rate of the ethanol sample into the fuel cell. This will force ethanol vapour into the collapsed 
pores of the MPL into the CL. When the pump is deactivated, the ethanol is still present in the 
flow fields of the UOIT cell, but without the high flow rate, the ethanol diffuses through much 
more slowly. The tortuosity within the MPL significantly increases, decreasing the gas diffusion 
rate to the CL. This causes the current decay to shallow, which means more time is required to 
reach the baseline current.  
 The transients for Nafion115 at 45% return to their typical response shape due to the fact 
the drier CL and MPL allow for greater gas diffusion without the tortuosity present when water 
is blocking the path for gas diffusion.  
 Figure 5.23 shows the analyzed calibration data observed in Figure 5.22 for PVC, PVCs240, 
and Nafion115. The PVC, PVCs240, and Nafion all show better performance compared to the 
Drӓger MEA at 95% RH, which is expected due to the excessive amount of platinum used by the 
Drӓger MEA. At 45% RH, the performance of PVC and PVCs240 drop slightly, with PVC showing 
better performance at the lower RH value. Nafion115’s performance at 45% RH is extremely 
poor, with a drop in average sensitivity by a factor of ca. 9. 
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Figure 5.23: Sensor performance for PVC, Nafion115, and PVCs240. A.) is the raw sensitivity, B.) is normalized for 
platinum mass sensitivity, C.) is the sensitivity ratio between 95% and 45% RH, and D.) is the efficiency of the 
material at 95% and 45% RH 
Table 5-9: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 5.23, 









PVC 51.5 45.4 1.13 
PVCs240  44.98 31.6 1.4 
Nafion115 31.5 3.6 8.8 
Drӓger 6.98 5.89 1.19 
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 Since the PVC and PVCs240 contain significantly more electrolyte (and hence water) than 
Nafion115, and the current being produced by the fuel cell is extremely small, the volume of 
electrolyte that is retained at the lower RH is sufficient to produce relatively good performance 
for these two materials. The Nafion115 on the other hand, which is much thinner and thus more 
prone to losing its water, shows a significant drop off in performance with regard to the electrode 
used. 
 PVC does show better performance overall compared to the PVCs and PVC, with a higher 
sensitivity and higher stability. The poorer performance of PVCs can be attributed to the localized 
flooding between the CL and membrane.   
 Figure 5.24 shows the CVs for the PVCs240 and PVC MEA after the 95% RH sensing. As 
with the PVC-composites, the 45% RH CV’s are highly resistive and not shown.  The CVs don’t 
show any significant differences in shape, but the ECSA values are different: ca. 44 m2/g and ca. 
34 m2/g for PVC and PVCs respectively. The electrodes are identical, and thus the differences are 
attributed to the interfacial resistance as found in Table 5-11 
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Figure 5.24: CVs for the PVC MEA and PVCs240S MEA after 95% RH sensing using a JM100 (1.28 mg/cm2) catalyst. 
Measurements were obtained at room temperature with a N2-purged WE and H2-purged CE as the reference 
 
Table 5-10: ECSA values for the JM100 electrode on PVC and PVCs membrane.
MEA Charge (C/cm2) ECSA (m2/gPt) 
PVC-95% RH 0.02684 44.31 
PVCS240-95% RH 0.02081 34.41 
 
Table 5-11: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated 




ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
PVC-95% RH 2.22 0.60 1.12 
PVC-45% RH 2.48 2.03 N/A 
PVCs240-95% RH 2.85 0.51 1.84 
PVCs240-45% RH 3.42 1.72 N/A 
0 0.2 0.4 0.6 0.8 1 1.2 1.4
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 The interfacial resistance for the PVC/JM100 MEA is significantly lower than for the  
PVCs240/JM100 MEA. This can be attributed to two factors. The first is the hydrophilic surface of 
the PVC compared to the relatively hydrophobic nature of the catalyst layer. During hot pressing, 
two surfaces would have a higher surface energy to one another and hence would repel one 
another. This caused significant issues when initially working with the PVCs material, as 
delamination occurred regularly. The second is due to the flooding of the interfacial region, more 
specifically the associated swelling of the region during flooding. The ions would need to travel 
further from the PVCs matrix to reach the catalyst layer, increasing resistance.  
 Both PVC and PVCs240 have increased RHF at 45% RH, which is due to the reduction in 
water without the membrane. PVCs240 has a larger increase in resistance from 95% RH to 45% 
RH. Since PVCs240 does have a lower Rmembrane compared to PVC, it is expected that the Rinterface 
increases greater for PVCs240 at this lower RH compared to that of PVC.   
  Due to the delamination issues of the PVCs, it was decided to investigate how the PVC 
and PVCs MEAs would perform after allowing them to age for 1 month. The purpose was to 
investigate how they compared to their BOL performance, and whether or not delamination was 
occurring over time while the MEA was suspended in the 4M sulfuric acid solution. Figure 5.25 
shows the calibration curves with corresponding transient peaks at 0.09BAC for PVC and PVCs240 
after aging for one month in a 4M sulfuric acid solution. 
- 159 - 
 
Figure 5.25: Calibration Curves at A.) 95% RH and C.) 45% RH for the aged PVC, and PVCs240. 0.09 BAC Transient 
Responses at B.) 95% RH and D.) 45% RH for mentioned membranes. Measurements performed at 25 °C 
 
 
 The transients obtained at 95% RH for both MEAs appear to show an initial sharp peak, 
followed by a slow decay down to baseline. The 45% transients for both MEAs do not show this 
behavior. The Nafion MEA in Figure 5.22 showed this behavior as well, and depicts a collapsed 
Table 5-12: R2 values for the calibration curves measured in Figure 5.25
Membrane R2 (95% RH) R2 (45% RH) 
PVC 0.993 0.987 
PVCs240 0.996 0.989 
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MPL which also effects the CL. While PVC and PVCs do not swell as Nafion does, overtime, the 
MPL can begin to lose structural stability. As the PVC and PVCs were stored in a liquid solution 
for one month, the stability of the MPL will be effected. This in turn creates increased tortuosity 
for gas diffusion to CL which reduces the overall performance of the MEA. 
 At 45% RH, the drier conditions remove water from the MPL, decreasing tortuosity and 
the transients return to their common shape.  
 Figure 5.26 shows the analyzed calibration data observed in Figure 5.25. There is a 
substantially performance decrease for the PVC and PVCs MEAs from their BOL performance. The 
PVC MEA dropped by a factor of ca. 8 while the PVCs performance dropped by a factor of 12 with 
respect to the 95% RH sensitivity factors. The degradation of the MPL layer plays a significant role 
in this decrease in performance. The CVs and EIS, found in Figure 5.27 and Table 5-15, investigate 
how the CL and membrane affect the performance.  
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Figure 5.26: Sensor performance for PVC and PVCs240 after one month. A.) is the raw sensitivity, B.) is normalized 
for platinum mass sensitivity, C.) is the sensitivity ratio between 95% and 45% RH, and D.) is the efficiency of the 
material at 95% and 45% RH 
 
Table 5-13: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 5.26, 









PVC 6.3 1.4 4.6 
PVCs240  3.1 2.5 1.25 
Drӓger 6.98 5.89 1.19 
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Figure 5.27: CVs for the aged PVC MEA and PVCs240 MEA after 95% RH sensing using a JM100 (1.28 mg/cm2) 
catalyst. Measurements were obtained at room temperature with a N2-purged WE and H2-purged CE as the 
reference 
  
Table 5-14: ECSA values for the JM100 electrode on PVC and PVCs240 MEA aged for one month. 
MEA Charge (C/cm2) ECSA (m2/gPt) 
PVC-95% RH 0.02080 34.40 
PVC-SS-95% RH 0.01903 31.47 
 
Table 5-15: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated 




ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
PVC-95% RH 1.42 0.60 0.32 
PVC-45% RH 1.38 2.03 N/A 
PVCs240-95% RH 1.75 0.51 0.74 
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 From Figure 5.27, there is a clear decrease in ECSA from the BOL values for both PVC and 
PVCs: 34.4 m2/g and 31.5 m2/g respectively. The drop in performance is significantly greater for 
the PVC compared to the PVCs. When the EIS is taken into account, there is a clear decrease in 
the interfacial resistance for both materials as well from their BOL values. The PVCs MEA still has 
a much higher interfacial resistance due to the hydrophilic membrane and the hydrophobic CL. 
The drop in interfacial resistance however indicates that ion movement into the CL is significantly 
increased. This means that while ionic movement into and out of the CL from the PVC matrix is 
greatly increased, movement of water from the CL into the air stream is significantly decreased 
due to the collapse of the MPL. This means that water remains trapped into the CL at higher RHs.  
 Therefore, while ionic transport into the CL from the membrane is significantly improved 
upon aging, the collapse of the MPL means excess water trapped in the CL cannot escape out the 
MPL without a high flow rate of air over the surface. The properties of GDL choice and how they 
affect sensor performance is investigated in Chapter 6.  
5.3.2.1.3 PVC-Ethanolamine 
 Figure 5.28 shows the calibration curve for the PVC-EtA240 and PVC MEA. The calibration 
plot, as well the transients at 95% show ideal behavior. The PVC-EtA240 did not show a response 
to ethanol at the 45% RH sensing test, and thus is not shown. The lack of performance at 45% RH 
is mainly attributed to the water content of the PVC-EtA240. The hydrophilic properties of the 
PVC-EtA240 is causing localized flooding at the CL layer at 95% RH such that gas diffusion is 
extremely limited within the CL. This would cause a significant decrease in performance.  
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Figure 5.28: Calibration Curves at A.) 95% RH and C.) 45% RH for the PVC and PVC-ETA240 MEA. 0.09 BAC Transient 
Responses at B.) 95% RH and D.) 45% RH for mentioned membranes. 
 
  
 At 45% RH, the water content within the PVC-EtA is only about 45 w/w%, compared to 
PVC which has a water content of ca. 80 w/w%. As with the PVC-Nafion composite, the lower 
Table 5-16: R2 values for the calibration curves measured in Figure 5.28
Membrane R2 (95% RH) R2 (45% RH) 
PVC 0.991 0.986 
PVC-EtA240 0.997 N/A 
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water content significantly effects performance, such that no response can be obtained at 45% 
RH.  
 Figure 5.29 shows the analyzed calibrated data from Figure 5.28. The sensitivity at 95% 
RH for the PVC-EtA240 is significantly lower compared to the unmodified PVC. This is attributed 
to the hydrophilic nature of the PVC-EtA240 which is causing localized flooding between the 
electrode and membrane which reduces performance. 
 Figure 5.30 shows the CV’s for the PVC and PVC-EtA240 MEA’s at 95% RH. The ECSA values 
for PVC-EtA240 are slightly lower than the PVC. Due to the hydrophilic nature of the PVC-EtA, the 
CL is sufficiently hydrated. Therefore, the reduced ECSA for the PVC-EtA compared to the PVC 
would be due to an increase in the interfacial resistance of the PVC-EtA MEA, as found in Table 
5-19. 
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Figure 5.29: Sensor performance for PVC and PVC-EtA240. A.) is the raw sensitivity, B.) is normalized for platinum 
mass sensitivity, C.) is the sensitivity ratio between 95% and 45% RH, and D.) is the efficiency of the material at 
95% and 45% RH 
 
Table 5-17: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 5.29, 









PVC 22.06 18.62 1.18 
PVCs240  4.14 N/A N/A 
Drӓger 6.98 5.89 1.19 
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Figure 5.30: CVs for the PVC MEA and PVC-EtA240 MEA after 95% RH sensing using a JM100 (1.13 mg/cm2) 
catalyst. Measurements were obtained at room temperature with a N2-purged WE and H2-purged CE as the 
reference 
  
Table 5-18: ECSA values for the JM100 electrode on PVC and PVC-EtA240 membranes.
MEA Charge (C/cm2) ECSA (m2/gPt) 
PVC-95% RH 0.0398 74.5 
PVC-EtA240-95% RH 0.02925 54.74 
 
Table 5-19: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated 




ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
PVC-95% RH 1.20 0.60 0.10 
PVC-45% RH 1.37 2.03 N/A 
PVC-EtA240-95% RH 1.22 0.34 0.38 
PVC-EtA240-45% RH 1.20 0.54 N/A 
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 The EIS also supports the evidence of flooding at the interface at 95% RH. The interfacial 
resistance is significantly higher compared to the unmodified PVC. Unlike the PVC-composites, 
there is nothing within the pores of the PVC that can hinder ionic transport or cause an increase 
in the resistance of the interface. Therefore, the increase in resistance would be due to excess 
water at the interface that is hindering ion transport. 
  While the PVC MEA shows a typical increase in RHF from 95% RH to 45% RH, PVC-EtA240 
shows a decrease. While no sensor response was achieved at 45% RH, the similar RHF at 95% RH 
and 45% RH would indicate that the PVC-EtA240 is absorbing water during the diagnostic testing, 
as was observed with the Nafion membranes in Chapter 4. As the PVC-EtA is hydrophilic, it can 
absorb water more readily than the PVC material. The overall water content of the PVC-EtA is 
lower than PVC, and hence it is easier to full hydrate the PVC-EtA.  
5.4 CONCLUSION 
 The purpose of this study was to investigate modifications to the commercial PVC 
material that included both chemical modifications to the backbone, as well as incorporation of 
other compounds within the pores of the PVC.  
 With the PVC-Nafion, the hydrophobic properties of Nafion thin-films hinder the 
performance of a composite containing PVC and Nafion. Even with a ca. 2% loading of Nafion, 
the properties of Nafion dominate the overall composite, and hence is not viable as a membrane 
material for sensing.  
 PVC-SS on the other hand is able to achieve performance that rivals the unmodified PVC, 
while using significantly less water than the latter. The silicate is able to utilize and retain water 
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within the system more efficiently than unmodified PVC. This has the advantage of reducing the 
amount of leaching that occur, flooding of the CL, as well as reducing the corrosive effects of the 
sulfuric acid. It was also found in the study that the ionic conductivity through the membrane is 
greater than across the surface of the membrane. This behavior would need to be studied 
further. 
 For the chemically modified PVC, both the sulfonated PVC and PVC-EtA show significant 
flooding of the CL. It would be prudent to investigate how this material would behave over time 
in a dry environment, as the hydrophilic properties would have an advantage to retain water 
compared to the unmodified PVC. As well, replacing the hydrophobic electrode with an electrode 
that is much more hydrophilic may reduce the interfacial resistance, as well as allow for better 
movement of water across the interface to reduce flooding in the CL.  
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6.1 INTRODUCTION 
 Chapters 4 and 5 investigated the performance of different membrane materials in breath 
alcohol sensors. In order to minimize error, the same electrode materials were used for the 
comparisons. As Kamiya has shown, platinum loading can have an impact on the performance of 
sensors if the same membrane is used [1]. Along with platinum loading, differences in catalyst 
type (platinum black or platinum on carbon) and the gas diffusion layer (GDL) could also influence 
the performance. As discussed in Chapter 1, Pt has been used as a catalyst far longer compared 
to Pt/C but the performance of Pt for the ethanol oxidation reaction remains unmatched, and is 
thus still used as a catalyst material. This chapter will investigate the differences between Pt and 
Pt/C to determine their impact on the performance of breath alcohol sensors. 
 The role of the GDL in power generating FCs has been studied extensively [2-5]. The 
purpose of the GDL is to regulate water and gas transport within a PEMFC, as well as act as an 
electron conductor between the CL and current collector. There are two main variations of GDLs 
commercially used in fuel cells today: carbon fiber paper-based materials and carbon cloth-based 
materials.  
 Carbon fiber paper is a thin and brittle material that is generally used where compression 
is an issue. The paper is usually treated with PTFE to aid in water management for the GDL as 
well. This material tends to also be less permeable to air compared to carbon cloth. 
 Carbon cloth is much thicker, more flexible and much more compressible. The material 
has a higher permeability for air compared to paper but due to the thickness, certain applications 
may lose performance using carbon cloth over carbon paper. Carbon cloth, as with paper, is 
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treated with PTFE to aid in water management. As well, the GDL is often treated with a 
microporous layer (MPL) to prevent catalyst from absorbing into the GDL, where it is unavailable 
for reactions and aid in water management. The MPL consists of a high surface area carbon (eg. 
XC-72 Carbon) with a PTFE binder to aid in water management and bind the MPL together.  
 This chapter will not only investigate the differences between Pt and Pt/C in regards to 
performance, but also how the GDL effects performance. The membranes to be used for the 
MEAs will consist of Nafion and PVC.  
6.2 MATERIAL PREPARATION 
6.2.1 Membranes 
 The membranes to be used for this investigation consist of PVC and Nafion. Work up of 
Nafion and properties of both Nafion and PVC can be found in Chapter 2. 
6.2.2 GDLs 
 The carbon paper (CP) studied was a TGP-H-090 Toray Paper (30% wet proofing) material 
(FuelCellStore). The carbon cloth (CC) was an ELAT LT1400W (FuelCellStore) that was PTFE 
treated and contains an MPL on the catalytic side. General properties of these two materials can 
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Table 6-1: General properties of the Carbon Paper and Carbon Cloth GDL. Properties obtained from the 
manufacture FuelCellStore. 
GDL Carbon Paper Carbon Cloth 
Thickness (mm) 0.28 0.454 
Porosity (%) 78 63 
Gas Permeability (mL/cm2 s) 1.68 10 
Density (g/mL) 0.44 0.377 
Electrical Resistance (mΩ cm2) 80 0.17 
MPL No Yes 
 
In order to create the no-GDL MEAs, carbon cloth was first pressed to the membrane. The carbon 
cloth was then removed to leave the CL, as well as the MPL that was attached to the CC.  
6.2.3 Electrodes 
 The properties of the electrodes can be found in Table 6-2.  
Table 6-2: MEAs created for this study, including membrane used, electrode used, and GDL.  
Property Platinum Black (Pt) 20% Platinum on Carbon (Pt/C)
Manufacturer Johnson Matthey Johnson Matthey 
Full Product Name HiSpec 1000 HiSpec 3000 
Platinum Content (wt. %) 100 20 
Carbon Content (wt. %) 0 80 
Binder PTFE Nafion 




A detailed synthesis for these electrodes can be found in Chapter 2. The Pt electrode will 
hereafter be referred to as JM100 and the Pt/C electrode will be referred to as JM20. 
6.2.4 MEA Synthesis 
 The synthesis of the MEAs of Nafion/PVC with JM20/JM100 on either CC or CP can be 
found in detail in Chapter 2. Table 6-3 highlights the properties of the MEAs created for this study.  
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Table 6-3: MEAs created for this study, including membrane used, electrode used, and GDL.  
Membrane 
Electrode (Pt Loading: 
mg/cm2) 
GDL 
PVC JM100 (1.13) Carbon Paper 
PVC JM20 (0.92) Carbon Paper 
PVC JM100 (1.28) Carbon Cloth 
PVC JM100 (1.28) No GDL 
PVC JM20 (1.88) Carbon Paper 
PVC JM20 (1.68) Carbon Cloth 
PVC JM20 (1.68) No GDL 
Nafion JM100 (0.87) Carbon Paper 
Nafion JM20 (0.92) Carbon Paper 
Nafion JM100 (0.35) Carbon Cloth 
Nafion JM100 (0.35) No GDL 
Nafion JM20 (1.88) Carbon Paper 
Nafion JM20 (1.68) Carbon Cloth 
Nafion JM20 (1.68) No GDL 
 
All MEAs created were symmetrical: same electrode for the anode and cathode. 
6.3 RESULTS AND DISCUSSION 
6.3.1 Catalyst Performance 
6.3.1.1 Nafion Systems 
 Figure 6.1 shows the calibration curve with transient responses for the MEAs composed 
of Nafion with JM20 with a Pt loading of 0.92 mg/cm2 and JM100 with a Pt loading of 0.87 mg/cm2 
using a carbon paper GDL.  
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Figure 6.1: A.) and B.) Calibration Curve for a Nafion MEA with JM20 (0.92 mg/cm2) and JM100 (0.87 mg/cm2) on 
carbon paper and B.) and D.) transients at 0.09 BAC for mentioned MEAs. Measurements acquired at 25 °C.  
 
Table 6-4: R2 values at 95% RH and 45% RH for the MEAs found in Figure 6.1
Electrode R2 (95% RH) R2 (45% RH) 
JM20 0.971 0.998 
JM100 0.999 0.999 
 
Both electrodes show good linearity to the varying ethanol concentrations. The transients also 
show no abnormalities at the two measured RHs for either MEA.    
 Figure 6.2 shows the analyzed calibration data found in Figure 6.1 for the JM20 electrode 
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and JM100 electrode with a Nafion membrane. There is a clear performance increase for use of 
Pt/C compared to Pt.  
Figure 6.2: Sensor performance for JM100 and JM20 MEAs. A.) is the raw sensitivity, B.) is sensitivity normalized 
for platinum mass, C.) is the sensitivity ratio between 95% and 45% RH, and D.) is the percent error of the material 
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Table 6-5: Sensitivities (Normalized at both 95% RH and 45%) and Ratio for the materials observed in Figure 6.2, 









JM100 3.44 8.5 0.4 
JM20 18.5 16.2 1.14 
Drӓger 6.98 5.89 1.19 
 
The platinum loadings are very similar between the two MEAs, thus performance increases based 
on platinum loadings can be ignored. The Nafion MEA that contains the JM100 electrode 
discussed here is the same as described in Chapter 4. Localized flooding in the CL at 95% RH 
prevented adequate gas diffusion into the CL. At 45% RH, the flooding issues are resolved and 
adequate gas diffusion is restored. 
 The JM20 on the other hand displays much better stability and better overall performance 
than JM100. JM20, which has a better distribution of the platinum particles over the carbon 
support surface, increases the probability of ethanol oxidizing on the surface. This allows more 
ethanol to react, which in turn produces a greater signal response. The binder in JM20 is also 
Nafion, which has significant advantages over the JM100 which uses PTFE. Nafion is used as the 
membrane and since similar materials will interface better with one another, using the exact 
same material in the membrane and electrode will produce an even better interface which 
improves performance. Finally, the JM20, with the increase in surface area and porosity, allows 
for greater ion transport and gas diffusion in the CL compared to the JM100 electrode.  
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 The CVs of JM100 and JM20 (Figure 6.3 and Figure 6.4 respectively) show that the ECSA 
is essentially independent of humidity. The JM20 CV shows significant capacitance due to the 
carbon present (signified by the much wider shape of the curve around the X-axis). The 
insensitivity to humidity was discussed in Chapter 4, and is due to the ability of Nafion to absorb 
water from the nitrogen/hydrogen vapour feeds during diagnostic testing mode. 
 
Figure 6.3: CV for Nafion 115 MEA with JM100 (0.87 mg/cm2) after 95% RH and 45% RH sensing.  Measurements 
acquired at 25 °C 
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Table 6-6: ECSA Values for JM100 and JM20 after 95% RH and 45% RH sensing.
Membrane Charge (C/cm2) ECSA (m2/gPt) 
JM100-95% RH 0.01928 46.92 
JM100-45% RH 0.01914 46.56 
JM20-95% RH 0.01934 44.50 
JM20-45% RH 0.02231 51.31 
  
Both these electrodes have similar ECSA values, indicating a similar number of active catalyst 
sites. However, the sensing performance is significantly different. This is attributed to the 
localized flooding in the JM100 electrode, which is not a factor for the JM20 for the reasons 
described previously. 
 
Figure 6.4: CV for Nafion 115 MEA with JM20 (0.92 mg/cm2) after 95% RH and 45% RH sensing.  Measurements 
acquired at 25 °C 
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 Table 6-7 shows the EIS results, as well as calculated interfacial resistance of the JM100 
and JM20 MEAs. 
Table 6-7: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated with 
a hydrated membrane, hence 45% RH is not calculated. Rcell was measured to be 0.5 Ω cm2 
Electrode 
HF Resistance  
(Ω cm2) 
ex-situ ASR (Ω cm2) 
Interfacial Resistance 
(Ω cm2) 
JM100-95% RH 0.952 0.185 0.26 
JM100-45% RH 0.967 1.040 N/A 
JM20-95% RH 0.940 0.185 0.25 
JM20-45% RH 1.002 1.040 N/A 
 
JM20 does have a slightly lower interfacial resistance compared to the JM100, attributed to the 
JM20 using a Nafion binder, which is identical to the membrane. This would allow for better 
interfacial contact. This is similar to what was observed by Easton et al. with respect to SPEEK 
membranes using an SPEEK binder within the CL [6]. PTFE and Nafion do have an identical 
backbone, and this explains why PTFE does not have a significant difference in interfacial 
resistance compared to Nafion.  
 Figure 6.5 shows the EIS responses once corrected for RHF and Table 6-8 shows the 
calculated Rionic of the catalyst layer from the Warburg Region. This allows for analysis specifically 
of the CL. From Table 6-8, JM100 shows less ionic resistance in the CL compared to the JM20 
electrode. Since the JM20 is thicker, the density of the catalytic sites are lower and ions must 
travel deeper into the catalyst layer to reach these catalytic sites. The JM100, which is thinner, 
concentrates the catalytic sites closer to the membrane/CL interface, which reduces the ionic 
resistance required to reach these sites.  
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Figure 6.5: EIS-Response curves. A.) and B.) Normalized Capacitance, C.) and D.) Capacitance, and E.) and F.) 
Nyquist Plot for JM100 and JM20 MEAs. Measurements were made at room temperature with a N2-purged WE 
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Table 6-8: RIonic values determined from the Warburg Length within the Warburg Region for JM100 and JM20. 
Membrane RIonic/3 RIonic 
JM100-95% RH 0.14 0.42 
JM100-45% RH 0.15 0.45 
JM20-95% RH 0.50 1.50 
JM20-45% RH 0.40 1.20 
 
 The capacitance (Figure 6.5C) and Rionic for the JM100 catalyst does not change with the 
reduction in humidity. Due to the thin catalyst layer, as well as the hydrophilic properties of the 
Nafion, the MEA is able to readily absorb water from the humidified gases at the WE and CE 
electrodes.  
 JM20 shows peculiar behavior. While it is expected the JM20 MEA will absorb water from 
the diagnostic testing gases, the 45% RH sample showed an increase in capacitance, indicating 
more of the CL is becoming hydrated. Saleh and Easton found that JM20 shows an improvement 
in both ionic conductivity and capacitance after an initial “break-in” using a Nafion membrane 
[7]. This “break-in” consisted of continuous CV sweeps of the catalyst. After 200 sweeps, the 
performance was maximized and the ionic conductivity and capacitance remained stable for over 
4000 CV sweeps [7]. It was also reported the JM20 catalyst showed better performance for the 
EOR with respect to the JM100 catalyst. The performance increase of the JM20 over the JM100 
electrode with a Nafion membrane would validate those results. Similarly, the EIS increase found 
here would indicate that the fuel cell may improve performance if the JM20 catalyst was broken 
in using the procedure described in the Saleh report [7].  
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6.3.1.2 PVC Based Systems  
 Figure 6.6 shows the calibration curves for a PVC MEA with a JM100 electrode with a 
platinum loading of 1.13 mg/cm2 and JM20 with a platinum loading of 0.92 mg/cm2 using a 
carbon paper GDL. Both JM20 and JM100 show good linearity across the measured BACs at both 
95% and 45% RH. The transients are also consistent and show no abnormalities.  
Figure 6.6: A.) and B.) Calibration Curve for a PVC MEA with JM20 (0.92 mg/cm2) and JM100 (1.13 mg/cm2) on 
carbon paper and B.) and D.) transients at 0.09 BAC for mentioned MEAs. Measurements taken at 25 °C. 
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Table 6-9: R2 values at 95% RH and 45% RH for the MEAs found in Figure 6.6
Electrode R2 (95% RH) R2 (45% RH) 
JM20 0.971 0.998 
JM100 0.999 0.999 
 
 Figure 6.7 shows the analyzed calibration data found in Figure 6.6 for JM100 and JM20 on 
a PVC membrane. The JM20 electrode displays better sensitivity at both 95% RH and 45% RH 
compared to the JM100.  
Figure 6.7: Sensor performance for JM100 and JM20 MEAs. A.) is the raw sensitivity, B.) is sensitivity normalized 
for platinum mass, C.) is the sensitivity ratio between 95% and 45% RH, and D.) is the percent error of the material 
at 95% and 45% RH 
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Table 6-10: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 6.7, 









JM100 22.06 18.62 1.18 
JM20 34.0 23.2 1.46 
Drӓger 6.98 5.89 1.19 
 
This can be associated with the higher surface area carbon allowing for more ethanol access to 
platinum as well as a more porous catalyst facilitating greater diffusion of ethanol into the CL. 
The JM100, on the other hand, while having lower overall sensitivities does have better stability 
at the two humidities tested with a ratio value closer to 1 and a percent error much lower than 
JM20. This is associated with the much smaller pores of JM100: the small pores within the CL 
limit evaporation from the membrane, which increases stability. JM20 on the other hand, with 
the larger pores in the CL, allows for a greater loss of water in drier environments, reducing the 
stability of the MEA. 
 Figure 6.8 shows the CV for JM100 and JM20 MEAs after 95% sensor testing with the PVC 
membrane. 
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Figure 6.8: CV for PVC MEA with JM100 (1.13 mg/cm2) and JM20 (0.92 mg/cm2) after 95% RH sensing. 
Measurements performed at 25 °C. 
 
Table 6-11: ECSA Values for JM100 and JM20 on a PVC membrane.
Membrane Charge (C/cm2) ECSA (m2/gPt) 
JM100-95% RH 0.0398 74.5 
JM20-95% RH 0.0025 5.8 
 
Recall that CVs obtained at 45% RH are too resistive and cross-over is occurring and hence are 
not shown. The JM100 reflects the typical CV pattern with a clearly defined HDR region. JM20 
shows the typical widening around the x-axis, but the HDR region is much smaller as highlighted 
by the ECSA values found in Table 6-11. This would be attributed to the high resistance of the cell 
and the thicker PVC material, preventing the ability to accurately measure a CV of a JM20 
electrode on PVC.  
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 Table 6-12 shows the EIS results, as well as calculated interfacial resistance of the JM100 
and JM20 electrodes. 
  
 As the PVC material does not absorb water to the extent Nafion does during the 
diagnostic testing, changes found in the EIS measurements would be reflected in how the 
material behaves during the sensing testing. It is possible however that some water may be 
absorbed. JM100 does show a slightly lower interfacial resistance compared to that of JM20. This 
can be attributed the fact JM100’s binder is completely hydrophobic, which would interface well 
with the hydrophobic PVC particles. JM20 uses Nafion, which does have hydrophilic regions 
which would not interface well with the PVC.  
 The JM100 RHF does show an increase from 95% RH to 45% RH. This would be due to water 
loss in both the membrane and CL. If both regions within the MEA are drier, than the interface 
would also increase in resistance. As noted however, the increase in RHF is not as significant as 
the increase in the ex-situ ASR measurements of the membrane itself. This would indicate that 
the PVC is able to absorb some water during the diagnostic testing, due to the hydroscopic nature 
of the sulfuric acid within the PVC pores. Similarly, the smaller hydrophobic pores of the JM100 
significantly reduce water loss through the CL and GDL in the drier environment. This traps water 
within the PVC and limits its escape. This explains JM100’s stability during the ethanol testing.  
Table 6-12: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated 
with a hydrated membrane, hence 45% RH is not calculated. Rcell was measured to be 0.5 Ω cm2 
Electrode 
HF Resistance  
(Ω cm2) 
ex-situ ASR (Ω cm2) 
Interfacial Resistance 
(Ω cm2) 
JM100-95% RH 1.20 0.60 0.10 
JM100-45% RH 1.37 2.03 N/A 
JM20-95% RH 1.3 0.60 0.20 
JM20-45% RH 10.4 2.03 N/A 
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 The JM20 shows a significant increase in RHF from 95% RH to 45% RH. The JM100 has a 
significantly higher surface area then the JM100 electrode [7]. Coupled with the hydrophilic 
nature of the Nafion within the CL, water readily moves from the PVC into the large pores of the 
JM20. Under the drier conditions, the water within the CL is able to escape more readily. Water 
from within the PVC will transfer to rehydrate the CL, which creates a cycle of water loss for this 
MEA. This also explains the less stable performance of the JM20 electrode during sensor testing 
from 95% RH to 45% RH.  
 Figure 6.9 shows the EIS response curve for the PVC MEAs with JM20 and JM100 at 95% 
RH. The 45% RH curves are not shown as the cross-over of the hydrogen caused a significant 
increase in charge transfer and the EIS results therefore would not provide useful materials 
analysis [8]. The performance of the JM100 and JM20 with a PVC membrane are similar to that 
of JM100 and JM20 with a Nafion membrane. The JM100 shows better ionic conductivity with 
respect to the JM20 (Figure 6.9C and Table 6-13). This is again attributed to the thinner CL and 
greater density of catalytic sites at the membrane/CL interface. Table 6-13 highlights hits fact as 
well.  
 Figure 6.9B shows the capacitance, and as expected the JM20 has significantly greater 
capacitance compared to the JM100. This is again attributed to the surface area of both carbon 
and platinum: JM20 contains both while JM100 only contains platinum. Finally, Figure 6.9A shows 
the normalized capacitance plot, and this highlights the superior ionic conductivity of the JM100 
over JM20. 
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Figure 6.9: EIS-Response curves. A.) Normalized Capacitance, B.) Capacitance, and C.) Nyquist Plot for JM100 and 
JM20 MEAs. Measurements were made at room temperature with a N2-purged WE. 45% EIS curves are not shown 
due to the high resistance beyond the RHF 




























- 191 - 
 
Table 6-13: RIonic values determined from the Warburg Length within the Warburg Region for JM100 and JM20. 
Membrane RIonic/3 RIonic 
JM100-95% RH 0.07 0.21 
JM20-95% RH 1.25 3.75 
 
6.3.2 GDL Performance 
6.3.2.1 Nafion Systems with JM100 Catalysts  
 Figure 6.10 shows the Nafion MEAs synthesized with JM100 catalysts on carbon paper, 
carbon cloth, and no GDL. The transients and calibration curves show no abnormalities for the 
MEAs synthesized.  
Figure 6.10: A.) and B.) Calibration Curve for a Nafion MEA with JM100 on carbon paper, carbon cloth, and no GDL 
and B.) and D.) transients at 0.09 BAC for mentioned MEAs. Measurements taken at 25 °C. 
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Table 6-14: R2 values at 95% RH and 45% RH for the MEAs found in Figure 6.10
GDL R2 (95% RH) R2 (45% RH) 
Carbon Paper 0.971 0.998 
Carbon Cloth 0.998 0.971 
No GDL 0.994 0.662 
  
Figure 6.11 shows analyzed calibration data from Figure 6.10. The presence of a GDL has a clear 
influence on sensing performance. GDLs are important in power generating systems to improve 
electrical contact with the catalyst and manage water. Clearly, the same can be said for a sensor. 
 Comparing between carbon paper and carbon cloth, carbon cloth has much larger air flow 
and volume due to the greater air permeability of carbon cloth. This would also mean water (both 
liquid and vapour) is more readily able to enter and exit the catalyst layer. The result of this can 
clearly be seen in Figure 6.11 that at 95% RH the performance using the carbon cloth is very good. 
As previously discussed in Chapter 5, the JM100 catalyst on carbon paper shows abnormal 
performance due to localized flooding at the interface. The water remains trapped there due to 
the low permeability of the carbon paper. Carbon cloth on the other hand is much more 
permeable, and thus excess water is more readily able to escape from the MEA, preventing 
flooding. The no-GDL sample shows better performance at 95% RH to the carbon cloth MEA.      
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Figure 6.11: Sensor performance for JM100 on Carbon Cloth, Carbon Paper, and no GDL using a Nafion membrane. 
A.) is the raw sensitivity, B.) is sensitivity normalized for platinum mass, C.) is the sensitivity ratio between 95% 
and 45% RH, and D.) is the efficiency of the material at 95% and 45% RH 
  
Table 6-15: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 6.7, 









Carbon Paper 3.44 8.51 0.40 
Carbon Cloth 37.2 27.4 1.3 
No GDL 19.0 8.2 2.3 
Drӓger 6.98 5.89 1.19 
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The removal of the GDL maximizes the amount of ethanol that can enter the CL. While the carbon 
cloth has very high air permeability, the fibers still do limit the amount of ethanol vapour that 
can enter. Removal of the GDL maximizes gas diffusion to the CL.  
 At 45% RH, the carbon paper showed improved performance as flooding ceased to be a 
hindrance. The carbon cloth MEA shows a decrease in sensing that is expected with a drier MEA. 
The small hydrophobic pores within the CL however limit the amount of water that can escape 
through the CL from the MEA. 
 The no-GDL sample shows an extremely significant decrease in performance compared 
to the other two MEAs. This is due to an identical phenomenon that was discussed in Chapter 5 
with a similar Nafion based MEA that had a JM100 catalyst, but no GDL. The GDL not only 
manages water/gas diffusion, but it acts as a structural support for the MPL and CL. Without the 
GDL, the swelling of the Nafion creates stress on the CL and MPL that can cause deformations in 
both layers. The decrease in performance would be due to a collapse of the MPL layer which 
greatly reduces the gas diffusion into the CL.  
 Figure 6.12 to Figure 6.14 are the CVs for the MEAs composed of Nafion with JM100 on 
carbon paper, carbon cloth, and no GDL respectively. Both the carbon paper and carbon cloth 
sample show no appreciable change in the HDR region with changing RH. This indicates that the 
CL is becoming adequately hydrated during the diagnostic testing, as has been a common theme 
for Nafion based MEAs. The no-GDL MEA shows an increase in ECSA from 95% RH to 45% RH. 
This increase would be due to variations in the CL attributed to the changing structure of the CL 
and MPL during the sensing testing and diagnostic testing.  
- 195 - 
 
 
Figure 6.12: CV for MEA with Nafion Membrane, JM100 catalyst with a loading of 0.87 mg/cm2 and a carbon 
paper GDL. Measurements performed at 25 °C. 
 
Figure 6.13: CV for MEA with Nafion Membrane, JM100 catalyst with a loading of 0.35 mg/cm2 and a carbon cloth 
GDL. Measurements performed at 25 °C 
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Figure 6.14: CV for MEA with Nafion Membrane, JM100 catalyst with a loading of 0.35 mg/cm2 and no GDL. 
Measurements performed at 25 °C 
 
Table 6-16: ECSA Values for JM100 and JM20 after 95% RH and 45% RH sensing.
GDL Charge (C/cm2) ECSA (m2/gPt) 
Carbon Paper-95% RH 0.01928 46.92 
Carbon Paper-45% RH 0.01914 46.56 
Carbon Cloth-95% RH 0.02540 153.5 
Carbon Cloth-45% RH 0.02369 143.2 
No GDL-95% RH 0.018559 112.2 
No GDL-45% RH 0.02068 125.0 
  
 After the 95% RH sensing, the Nafion is still sufficiently hydrated, and thus the 
introduction of the humid airflow during diagnostic testing would not place any significant 
stresses onto the Nafion MEA. After the 45% RH sensing, the dried membrane would decrease in 
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surface area from its swelled state which would put stresses onto the CL and MPL layer. This 
would explain the reduced sensor performance at 45% RH. 
 During the diagnostic testing, the MEA rehydrates, swelling and causing the CL and MPL 
to swell as well, exposing more surface area that was not exposed initially during the first CV 
sweep after the 95% RH sensing.  
 The interfacial resistance of the various MEAs with differing GDLs can be found in Table 
6-17.  
 
 The carbon paper sample shows the lowest interfacial resistance, followed by the carbon 
cloth sample. Hot-pressing of the thin and rigid CP created a more seamless interface compared 
to the thicker, more compressible carbon cloth.  
 The no-GDL MEA shows the highest interfacial resistance. This would be attributed to 
structural stresses placed onto the CL and MPL without the GDL support.  
 Figure 6.15 shows the EIS analysis for the Nafion/JM100 MEAs with the various GDLs and 
Table 6-18 highlights the calculated Rionic for each MEA. The ionic conductivity within the CL 
(Figure 6.15E and F and Table 6-18) are similar for both carbon cloth and carbon paper.  
Table 6-17: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated 
with a hydrated membrane, hence 45% RH is not calculated. Rcell was measured to be 0.5 Ω cm2 
Electrode 
HF Resistance  
(Ω cm2) 
ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
Carbon Paper-95% RH 0.952 0.185 0.26 
Carbon Paper-45% RH 0.967 1.040 N/A 
Carbon Cloth-95% RH 1.03 0.185 0.35 
Carbon Cloth-45% RH 1.01 1.040 N/A 
No GDL-95% RH 1.38 0.185 0.70 
No GDL-45% RH 1.26 1.040 N/A 
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Figure 6.15: EIS-Response curves. A.) Normalized Capacitance, B.) Capacitance, and C.) Nyquist Plot for 
JM100/Nafion MEAs on carbon paper, carbon cloth, and without a GDL. Measurements were made at room 
temperature with a N2-purged WE.   
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Table 6-18: RIonic values determined from the Warburg Length within the Warburg Region for the various MEAs
Membrane RIonic/3 RIonic 
Carbon Paper-95% RH 0.14 0.42 
Carbon Paper-45% RH 0.15 0.45 
Carbon Cloth-95% RH 0.14 0.42 
Carbon Cloth-45% RH 0.12 0.36 
No GDL-95% RH 1.42 4.46 
No GDL-45% RH 1.24 3.72 
 
The no-GDL MEA shows a significant increase in CL ionic resistance. This is attributed to stress 
placed onto the CL from the swelling/contraction without proper structural support.  
 The carbon cloth MEA shows an increased capacitance. As it does contain a MPL layer, 
this would indicate the hydration of the CL extends into the MPL layer. This explains why the 
carbon cloth MEA does not flood at 95% RH sensing while the carbon paper MEA does: the MPL 
layer aids in water management to prevent localized flooding in the CL. 
 The normalized capacitance (Figure 6.15A and B) shows similar behavior for the carbon 
paper MEA and carbon cloth MEA. The significant increase in ionic resistance is also evident for 
the no-GDL MEA in Figure 6.15A and B.   
 The ionic conductivity for both carbon paper and carbon cloth show no change relative to 
RH. This indicates that the CL readily absorbs water during the diagnostic testing. There is no 
significant change in capacitance for the carbon cloth sample and carbon paper sample from 95% 
RH to 45% RH as well.  
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6.3.2.2 Nafion Systems with JM20 Catalysts 
 Figure 6.16 shows the calibration curves with transients at 0.09BAC for Nafion 
membranes with JM20 catalysts on carbon paper, carbon cloth, and without a GDL.  
Figure 6.16: A.) and B.) Calibration Curve for a Nafion membrane with JM20 on Carbon Paper, Carbon Cloth, and 
No GDL. B.) and D.) transients at 0.09 BAC for mentioned MEAs. Measurements taken at 25 °C. 
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Table 6-19: R2 values for the calibration curves measured in Figure 6.16
Electrode R2 (95% RH) R2 (45% RH) 
Carbon Paper 0.982 0.998 
Carbon Cloth 0.998 0.999 
No GDL 0.987 0.993 
 
The calibration curves, as well as the transients show no abnormalities or evidence of flooding. 
 Figure 6.17 shows the analyzed calibration data found in Figure 6.16.  
Figure 6.17: Sensor performance for Nafion MEAs with JM20 on carbon paper, carbon cloth, and no GDL. A.) is 
the raw sensitivity, B.) is sensitivity normalized for platinum mass, C.) is the sensitivity ratio between 95% and 
45% RH, and D.) is the percent error of the materials at 95% and 45% RH 
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Table 6-20: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 6.17, 









Carbon Paper 15.5 6.4 2.4 
Carbon Cloth 19.6 5.4 3.6 
No GDL 8.6 3.5 2.4 
Drӓger 6.98 5.89 1.19 
 
The JM20 electrode has the same performance trends regardless of the GDL that is present. At 
95% RH the performance is respectably high with a significant drop in performance at 45% RH. 
The carbon cloth MEA does have a slightly higher sensitivity at 95% RH, with carbon paper having 
a higher sensitivity at 45% RH. Carbon cloth has greater air permeability compared to carbon 
paper. This allows ethanol vapour to readily enter the CL and reach the catalytic sites. 
Consequently, however, at 45% RH, the higher air permeability means water is more likely to 
evaporate out of the MEA. 
 Carbon paper has less air permeability, reducing the amount of ethanol that will reach 
the CL, leading to a smaller current response. On the other hand, this reduces the amount of 
water that is able to escape at drier RHs. Removing the GDL decreases the performances of the 
MEA compared to the MEAs with a GDL. The greater stress placed onto the CL during the swelling 
and contraction of the Nafion membrane would cause structural failure within the CL and MPL. 
This limits both the management of water, as well as gas diffusion to the CL. 
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 The CVs for the MEAs after 95% RH and 45% RH can be found from Figure 6.18 to Figure 
6.20 for carbon paper, carbon cloth, and no GDL respectively. All MEAs appear to be significantly 
resistance, with the no-GDL MEA showing the greatest resistance, as well as evidence of 
hydrogen-cross over due to the shift in the curve towards positive currents at 45% RH. The MEAs 
created using the carbon based electrodes tend to be highly resistant compared to the MEAs 
with the JM100 electrodes. As the UOIT cell is quite resistive itself, the thicker catalyst layer that 
is the JM20 would exacerbate the issue. The gaskets that are also used may have an impact as 
well. The gaskets have a thickness of 2 mils and were chosen with focus on JM100 based 
electrodes and JM20 electrodes with lower platinum loadings. 
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Figure 6.18: CV for MEA of Nafion with JM20 (1.88 mg/cm2) on carbon paper after 95% and 45% RH sensing. 
Measurements performed at 25 °C. 
 
Figure 6.19: CV for MEA of Nafion with JM20 (1.68 mg/cm2) on carbon cloth after 95% and 45% RH sensing. 
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Figure 6.20: CV for MEA of Nafion with JM20 (1.68 mg/cm2) with no GDL after 95% and 45% RH sensing. 
Measurements performed at 25 °C. 
Figure 6.8 shows a JM20 electrode with a platinum loading of 0.92 mg/cm2. While it is still quite 
resistive, platinum peaks are observed. The loading of platinum for this subsection are almost 
twice that of the electrode found in Figure 6.8, and no Pt peaks can be specifically resolved. Use 
of thicker gaskets for these electrodes would be advised for future studies.  
 TABLE 6-1Table 6-21 shows the interfacial resistance for the MEAs with the various GDLs. 
Table 6-21: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated 




ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
Carbon Paper-95% RH 1.20 0.185 0.515 
Carbon Paper-45% RH 1.27 1.040 N/A 
Carbon Cloth-95% RH 1.03 0.185 0.345 
Carbon Cloth-45% RH 1.10 1.040 N/A 
No GDL-95% RH 1.35 0.185 0.665 
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The carbon cloth GDL with JM20 catalyst has the lowest interfacial resistance, with the MEA with 
no GDL having the highest interfacial resistance. The lower interfacial resistance for carbon cloth, 
as well as the higher air permeability, explains the higher performance of this GDL over carbon 
paper at 95% RH. The increased interfacial resistance of the no-GDL sample also aids to explain 
why the performance without a GDL is so poor. 
 Both carbon paper and carbon cloth show an increase in RHF from 95% RH to 45% RH. As 
the JM100 samples (in Chapter 6.3.2.1) show Nafion does absorb water during diagnostic testing, 
the increase the resistance would indicate that there is not sufficient time to fully hydrate the CL. 
This is explained by the more porous and thicker CL that is JM20. It would require more water to 
fully hydrate the CL compared to the JM100, which has much smaller pores. The no-GDL sample 
shows a significant increase in RHF. While this MEA would also absorb water during diagnostic 
testing, without a GDL to assist in the water management (both into and out of the MEA), the 
loss of water is greater than the net gain of water.  
 Figure 6.21 shows the shows the EIS response curve for the Nafion MEAs with JM20 on 
carbon paper, carbon cloth, and no GDL and Table 6-22 shows the CL ionic conductivity in the 
material. At 95% RH, the CL conductivity calculated from the Warburg region are quite high, and 
do not match the EIS profile observed in Figure 6.21E. The CL resistance calculated in Table 6-22 
shows the carbon cloth MEA has the lowest resistance, but Figure 6.21E, would suggest the 
carbon paper based MEA has the lowest ionic resistance as its slope is higher than the carbon 
cloth MEA. Similarly, Figure 6.21A suggests that the carbon paper MEA does have the lowest ionic 
resistance. This is not expected behavior if the carbon cloth was calculated to have the lowest 
ionic resistance.   
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Figure 6.21: EIS-Response curves. A.) and B.) Normalized Capacitance, C.) and D.) Capacitance, and E.) and F.) 
Nyquist Plot for Nafion MEA with JM20 on CC, CP, and No GDL. Measurements were made at room temperature 
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Table 6-22: RIonic values determined from the Warburg Length within the Warburg Region the various MEAs. 
*Note: Cannot be measured. See discussion for explanation.  
Membrane RIonic/3 RIonic 
Carbon Paper-95% RH 3.38 10.14 
Carbon Paper-45% RH 3.89 11.68 
Carbon Cloth-95% RH 2.05 6.15 
Carbon Cloth-45% RH 4.28 12.85 
No GDL-95% RH* N/A N/A 
No GDL-45% RH* N/A N/A 
 
 The overall high resistance calculated in the CL, as well as the peculiar shape in the Nyquist 
plots would indicate non-ideal behavior that is being exacerbate by the use of very thin gaskets 
in the fuel cell. It has been well documented that various factors will contribute to the non-
vertical behavior at lower frequencies (which is also non-ideal) including RH, catalyst preparation 
techniques, and the amount of ionomer within the CL [10]. It would also include compression of 
the MEA will also have an effect. The high compression of the fuel cell on the MEA with a thin 
gasket would put significant stress onto the thicker CL layer. The Nafion with JM100 catalyst 
(Chapter 6.3.2.1) does not display this abnormality due to the thinner overall CL. The stresses 
placed onto the CL would not only influence the ionic conductivity within the CL, but the 
capacitance as well. The no-GDL MEA, without a GDL to aid in absorbing the high compression, 
has even more stress placed onto the CL, greatly increasing the ionic resistance and shifting the 
Nyquist plot to even more non-ideal behavior (Figure 6.21E and C). The capacitance of the no-
GDL MEA, which has an identical carbon/platinum content to the carbon cloth MEA, shows a 
significant decrease in capacitance compared to the carbon cloth, aiding in the stressed behavior 
of the no-GDL catalyst.  
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 At 45% RH, the stresses of the CL due to the thin gaskets are still present. The CL for the 
carbon paper and carbon cloth MEA still show significant ionic resistance. The no-GDL MEA shows 
a charge transfer process occurring [11]. As evident by the CV for this MEA as well (Figure 6.20), 
cross-over is occurring for this MEA, thus hydrogen is crossing through the MEA to cause the 
charge transfer process at the WE. The high compression, as well as the swelling/contraction of 
the MEA without GDL support has clearly caused a rupture of the membrane. Due to this, 
capacitance cannot be determined for this MEA at 45% RH. 
 The carbon cloth MEA shows a decrease in capacitance from 95% RH to 45% RH. As the 
CL is stressed due to the high compression, this drop in capacitance would indicate that hydration 
of the CL is significantly hindered. While the carbon paper sample displays a similar capacitance 
value at both 95% RH and 45% RH, the non-ideal behavior exacerbated by the high compression 
on the CL is preventing true determination of the limiting capacitance at 95 % RH.  Therefore, 
further studies on this material would require the use of thicker gaskets to reduce stress on the 
CL.  
6.3.2.3 PVC Systems with JM100 Catalyst  
 Figure 6.22 shows the ethanol sensing calibration curves, as well as transients for the PVC 
MEAs with a JM100 catalyst on the various GDLs. The calibration curves show a well-defined 
linear relationship for all MEAs, as well as no abnormalities in the transient curves.  
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Figure 6.22: A.) and B.) Calibration Curve for a PVC membrane with JM100 on Carbon Paper, Carbon Cloth, and 
No GDL. B.) and D.) transients at 0.09 BAC for mentioned MEAs. Measurements taken at 25 °C. 
 
Table 6-23: R2 values for the calibration curves measured in Figure 6.22
Electrode R2 (95% RH) R2 (45% RH) 
Carbon Paper 0.991 0.986 
Carbon Cloth 0.996 0.963 
No GDL 0.989 0.999 
 
 Figure 6.23 shows the analyzed sensor performance of the calibration curves found in 
Figure 6.22. The no-GDL based MEA shows the best performance, both with respect to raw 
sensitivity and stability. The carbon paper shows the next best performance, with good stability 
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but lower raw performance, and carbon cloth showing comparable performance to carbon paper 
at 95% RH, but significantly reduced performance at 45% RH, with a large percent error between 
the two humidities.    
Figure 6.23: Sensor performance for JM100 on Carbon Cloth, Carbon paper, and no GDL using a PVC Membrane. 
A.) is the raw sensitivity, B.) is normalized for platinum mass sensitivity, C.) is the sensitivity ratio between 95% 
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Table 6-24: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 6.7, 









Carbon Paper 22.1 18.6 1.18 
Carbon Cloth 16.2 3.7 4.3 
No GDL 51.5 45.4 1.16 
Drӓger 6.98 5.89 1.19 
 
 As the PVC is both flexible and contains a much larger internal volume compared to 
Nafion, it avoids any flooding issues with the JM100 catalyst on carbon paper as was observed 
with the Nafion MEA that contained JM100 on carbon paper. The water that would potentially 
flood the interface between the membrane and CL would quickly absorb into the very porous 
PVC.   
 The stability of the carbon paper is due to the reduced gas permeability of the carbon 
paper: it limits how much water is evaporated from the MEA [12]. 
 The carbon cloth based MEA shows reduced performance compared to paper at both 95% 
RH and 45% RH. The reduced performance is explained by the ability of the carbon cloth to 
compress, along with the PVC. The interfacial contact between the PVC and the CL on the carbon 
cloth would be reduced. The carbon paper on the other hand, with its more ridged structure, 
would adsorb with greater contact to the PVC. The significant drop in performance at 45% RH 
with the carbon cloth based MEA is due to the greater gas permeability of the carbon cloth, 
allowing water to readily evaporate compared to the carbon paper sample.  
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 The no-GDL sample shows the best performance, both in terms of raw performance and 
stability. This is in contrast to the Nafion based system without a GDL: the JM100, no GDL on 
Nafion showed the worst performance. The difference is PVC does not swell to the extent the 
Nafion structure would. The removal of the carbon cloth does not cause structural damage of 
either the CL layer or MPL layer (at least at beginning of life). This not only allows for a CL layer 
to be hydrated to a greater extent (by removal of the hydrophobic GDL), but ethanol diffusion is 
also increased as access to the CL is only limited by the MPL. As the carbon cloth sample contains 
both an MPL and carbon cloth, gas diffusion more restricted. Without the GDL, gas diffusion is 
maximized.  
Figure 6.24 shows the CVs obtained for the PVC MEAs prepared with the various GDLs.  
 
Figure 6.24: CVs for PVC with JM100 on Carbon Cloth, Carbon Paper, and No GDL. Measurements performed at 
25 °C. 
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Table 6-25: ECSA Values for the various MEAs
GDL Charge (C/cm2) ECSA (m2/gPt) 
Carbon Paper-95% RH 0.03985 74.5 
Carbon Cloth-95% RH 0.02765 45.7 
No GDL-95% RH 0.02680 44.31 
  
 With JM100, typical CV plots are achieved. 45% RH is not shown as it is too resistive. 
Carbon paper does show the highest ECSA, with carbon cloth and no GDL having almost identical 
ECSA values. The higher ECSA for carbon paper can be attributed to the manufacturing process 
of the spray deposition technique. Removing the GDL appears to not have an effect on the 
contact at the interface between the carbon cloth and no-GDL system.   
 Table 6-26 shows the calculated interfacial resistances for the PVC MEAs with the various 
GDLs. 
Table 6-26: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated 




ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
Carbon Paper-95% RH 1.2 0.60 0.1 
Carbon Paper-45% RH 1.37 2.03 N/A 
Carbon Cloth-95% RH 1.47 0.60 0.37 
Carbon Cloth-45% RH 1.50 2.03 N/A 
No GDL-95% RH 2.18 0.60 1.08 
No GDL-45% RH 2.42 2.03 N/A 
 
The carbon paper based GDL shows the lowest interfacial resistance. The incompressibility of the 
carbon paper creates a more firm interface with the PVC during hot pressing. The no-GDL MEA 
shows an increase in interfacial contact with respect to the carbon cloth MEA. This could be due 
to localized delamination at locations along the interfacial region between the membrane and 
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CL. Due to the similar ECSA values calculated however, the CL itself does not appear affected by 
this process.  
 The carbon paper based MEA shows a greater increase in RHF from 95% RH compared to 
the carbon cloth MEA. The lower air permeability of the carbon paper limits the rehydration of 
the CL during diagnostic testing. The no-GDL MEA shows an increase in RHF as expected with drier 
conditions. The removal of the GDL limits water management, and thus the rehydration of the 
CL could be limited excess due to excess water on the MPL/air interface.  The carbon cloth MEA 
shows a very small decrease in RHF from 95% RH to 45% RH. The high air permeability of the 
carbon cloth, as well as improved water management with a GDL present allows the CL to be 
hydrated sufficiently.   
 Figure 6.25 shows the EIS analysis for the PVC MEAs with JM100 on the various GDLs as 
and Table 6-27 shows the calculated catalyst layer resistance. The CL on carbon cloth shows 
slightly higher ionic conductivity compared to the no-GDL sample. However, the change is so 
slight that it is highly probable that the differences in ionic conductivity are within instrumental 
error. The carbon paper MEA has a much lower ionic resistance compared to the carbon cloth 
MEA. As the carbon cloth and no-GDL MEA contain an MPL, the MPL could be applying increased 
compression onto the CL that the carbon paper MEA would not experience, which improves the 
ionic performance.  
 The capacitive surface area related to the EIS analysis (Figure 6.25B) should be attributed 
primarily to platinum, as this is a pure Pt catalyst.  
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Figure 6.25: EIS-Response curves. A.) Normalized Capacitance, B.) Capacitance, and C.) Nyquist Plot for PVC MEA 
with JM100 on CC, CP, and No GDL. Measurements were made at room temperature with a N2-purged cathode 
 
- 217 - 
 
Table 6-27: RIonic values determined from the Warburg Length within the Warburg Region for the various MEAs. 
Membrane RIonic/3 RIonic 
Carbon Paper-95% RH .08 0.24 
Carbon Cloth-95% RH 0.6 1.8 
No GDL-95% RH 0.75 2.25 
 
The carbon cloth sample contains an MPL with carbon, so this could also contribute to the 
capacitance if the hydration extends through the CL to the MPL. The carbon paper MEA does not, 
and from Figure 6.25B, there is a clear increase in capacitance, indicating that the hydration in 
the carbon cloth layer is extending into the MPL, contributing to the capacitance. The capacitance 
of the no-GDL sample is lower with respect to the carbon cloth MEA. As the no-GDL MEA had an 
ECSA similar to the carbon cloth MEA, it would suggest that the water present in the MPL is 
exiting the MEA due to greater air permeability of not having a GDL. This means water is less 
likely to be retained within the MEA, causing a decrease in the overall hydration of the CL/MPL 
layers. The carbon cloth sample, with the GDL, would retain water more efficiently than the no-
GDL MEA, allowing the MPL to hydrate and contribute to the capacitance. 
6.3.2.4 PVC Systems with JM20 Catalysts 
 Figure 6.26 shows the ethanol sensing calibration curves along with the transients for PVC 
membranes with JM20 catalysts on carbon paper, carbon cloth, and with no GDL. The calibration 
curves show no evidence of flooding and the transients show no evidence of structural failure of 
the MPL/CL or flooding as well.  
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Figure 6.26: A.) and B.) Calibration Curve for a PVC membrane with JM20 on Carbon Paper, Carbon Cloth, and No 
GDL. B.) and D.) transients at 0.09 BAC for mentioned MEAs 
  
Table 6-28: R2 values for the calibration curves measured in Figure 6.26
Electrode R2 (95% RH) R2 (45% RH) 
Carbon Paper 0.996 0.999 
Carbon Cloth 0.998 0.999 
No GDL 0.994 0.996 
  Figure 6.27 shows the analyzed fuel cell performance from Figure 6.26 of a PVC MEAs. 
Compared to the Nafion materials, the PVC-based systems are considerably closer in 
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Figure 6.27: Sensor performance for JM20 on Carbon Cloth, Carbon Paper, and no GDL using a PVC Membrane. 
A.) is the raw sensitivity, B.) is sensitivity normalized for platinum mass , C.) is the sensitivity ratio between 95% 
and 45% RH, and D.) is the efficiency of the material at 95% and 45% RH 
Table 6-29: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 6.7, 









Carbon Paper 23.9 22.2 1.08 
Carbon Cloth 25.4 20.2 1.25 
No GDL 37.6 30.9 1.21 
Drӓger 6.98 5.89 1.19 
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The slight performance increase at 95% RH for carbon paper is again due to the rigid structure of 
the carbon paper, which allows for a more intimate interface to be created during the hot press. 
The less permeable carbon paper also limits water evaporation in the drier environment, 
explaining the increased sensor performance over the carbon cloth. 
 As with the JM100 catalyst, the no-GDL MEA shows the best overall performance. By 
removing the GDL, gas diffusion is increased without the risk of structural failure of the CL or MPL 
due to the lack of swelling by the PVC.  
 Figure 6.28 highlights the CVs taken after 95% RH sensing for PVC with a JM20 catalyst on 
carbon paper, carbon cloth, and with the GDL removed. The 45% RH values are not shown due 
to the high resistivity of the measurement. Unlike the Nafion MEAs with JM20 electrodes, the 
carbon cloth and no-GDL MEA do appear to show a small HDR. As the PVC is compressible, it is 
able to absorb some of the stress placed onto the MEA, reducing the overall stress placed onto 
the CL. However, as the CL is still thicker, a thicker gasket should be used to reduce the resistance 
in the CV measurements for future studies. 
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Figure 6.28: CVs for PVC MEA with JM20 on Carbon Cloth, Carbon Paper, and No GDL. Measurements performed 
at 25 °C.  
 
Table 6-30: ECSA Values for JM100 and JM20 after 95% RH and 45% RH sensing.
GDL Charge (C/cm2) ECSA (m2/gPt) 
Carbon Paper-95% RH N/A N/A 
Carbon Cloth-95% RH 0.01141 14.4 
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 Table 6-31 shows the interfacial resistances of the PVC MEAs with JM20 catalysts on the 
various GDLs. 
Table 6-31: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated 




ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
Carbon Paper-95% RH 2.16 0.60 1.06 
Carbon Paper-45% RH 1.46 2.03 N/A 
Carbon Cloth-95% RH 1.12 0.60 0.02 
Carbon Cloth-45% RH 1.51 2.03 N/A 
No GDL-95% RH 1.46 0.60 0.36 
No GDL-45% RH 1.67 2.03 N/A 
 
The carbon paper MEA shows significantly higher interfacial resistance compared to the other 
two MEAs. The JM20 contains carbon which has a much greater surface, is thick, and 
consequently, has a much rougher surface. As carbon paper is less compressible, the carbon 
particles and overall thicker CL are forced into the PVC matrix, as the PVC itself is very porous. 
The hydrophobic carbon that is at the interface between itself and the PVC would repel the liquid 
electrolyte within the PVC. This would have the consequence of greatly increasing the interfacial 
resistance. At 45% RH, there is a significant decrease in RHF. The electrolyte that is present may 
have had time to fill more favorable pores that contain the hydrophilic Nafion side chains to 
efficiently transfer ions from the PVC to the CL.  
 Both the carbon cloth MEA and no-GDL MEA show reasonable interfacial resistances. As 
the cloth is compressible, the hydrophobic carbon is not forced into the pores of the PVC, 
allowing a better formation of the interface between the PVC and CL. The increase in RHF for the 
no-GDL MEA with respect to the carbon cloth MEA is due to the disturbance of the CL during the 
removal of the GDL.  
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 Figure 6.29 shows the EIS analysis for the PVC MEA with JM20 on the various GDLs, and 
Table 6-32 shows the catalyst layer resistance for the MEAS. The carbon cloth and no-GDL MEA 
show similar ionic conductivity through the CL (Figure 6.29C and Table 6-32). Since the CL is not 
forced into the pores of the PVC, the pores of the CL are not disturbed as well, allowing for 
efficient ionic transport within the CL. The carbon paper MEA shows a reduction in ion transport, 
and thus is due to the distribution of the CL pores when forced into the PVC matrix.  
 The capacitance (Figure 6.29B) is very similar between the carbon paper and carbon cloth. 
Due to the thicker nature of the CL, the MPL is less likely to be hydrated in the carbon cloth 
sample. The no-GDL MEA shows a slight reduction in capacitance, due to the reduced water 
retention in this CL/MPL layer. Finally, Figure 6.29A clearly shows that ion transport within the 
CL of the carbon cloth/no-GDL MEAs is superior to the carbon paper MEA.  
 It should be noted the electrodes used here were identical to the ones used with the 
Nafion system described in Chapter 6.3.2.2. As the CVs (Figure 6.28) showed detectable (although 
limited) ECSAs, and the capacitance plots do appear to reach limiting capacitance, (Figure 6.29B), 
it would appear the compressibility of the PVC reduces the overall stress placed onto the CL. 
However, it should be recommended for future studies to use a thicker gasket with the thicker 
CLs to reduce the overall stress applies to the CL.  
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Figure 6.29: EIS-Response curves. A.) Normalized Capacitance, B.) Capacitance, and C.) Nyquist Plot for PVC MEA 
with JM20 on CC, CP, and No GDL. Measurements were made at room temperature with a N2-purged WE 
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Table 6-32: RIonic values determined from the Warburg Length within the Warburg Region for the various MEAs. 
Membrane RIonic/3 RIonic 
Carbon Paper-95% RH 1.5 4.5 
Carbon Cloth-95% RH 0.35 1.05 
No GDL-95% RH 0.35 1.05 
6.4 CONCLUSIONS  
 The objective of this work was to identify what factors attributed to performance gains 
or losses to a sensor MEA device. The membrane, catalyst, and GDL were all tested to identify 
which attributes these three components have that can best be exploited for a sensor MEA.  
 With regard to the membrane, PVC is superior to Nafion in a sensor role. For water 
management, the much thicker PVC is able to retain significantly more water to ensure itself and 
the CL are sufficiently hydrated. The large porous matrix allows water to move efficiently to and 
from the CL as required. Under high humidity conditions, water moves away from the interface 
into the PVC to avoid flooding of the CL. In dry conditions, water from the PVC moves to ensure 
the CL remains hydrated for sensing. PVC also shows less dependence on the type of catalyst or 
GDL used. Nafion on the other is more dependent on the type of catalyst or GDL used. If JM100 
was chosen as a catalyst, flooding will be an issue if carbon paper is used.  
 With regards to the catalyst, JM20 showed more stable performance on both membranes 
and on the GDLs. The JM100, while having the highest overall sensitivity on the PVC membrane 
with no GDL, also showed the lowest performance on the Nafion membrane with carbon paper. 
Therefore, JM100 is less stable to manufacturing techniques compared to the JM20. This would 
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validate the work by Saleh, whom identified the JM20 would show the best overall performance 
compared to other catalyst materials [7].  
 It should be recommended, however, that while the GDL and CL were explored in detail 
in this study, the effect of gaskets does have a significant role in not only in-situ sensor 
performance, but ex-situ diagnostic performance. The gaskets used throughout this study were 
optimized for JM100, which was much thinner. JM20, with a thicker catalyst, would require a 
thicker gasket to accurately compare the MEAs. The work by Rahman et al. used a JM20 catalyst 
as well, and they were able to accurately measure CVs, as well as EIS without any evidence of 
significant catalyst layer disturbance [13]. As well, Figure 6.4 shows a JM20 catalyst as well on a 
Nafion membrane, but with a lower loading compared to the work in Chapter 6.3.2.2. The ECSA 
not only was measureable, but the following EIS results did not appear to show any evidence of 
non-ideal behavior. Therefore, the thinner catalyst was less compressed, and thus less stress was 
placed onto it during measurements. Therefore, study of gasket thickness and optimization 
would be recommended for further studies. 
 Finally, the GDL has an extremely important role in sensor performance. With a Nafion 
membrane in particular, not only is the gas diffusion properties, as well as the water management 
properties an important factor, but the structural support that the GDL can provide is necessary 
when used with a Nafion membrane. Due to Nafion’s swelling and contracting behavior, 
significant stress is placed on the CL and MPL. With a GDL present, the stress can be reduced by 
the structural support that the GDL provides. Without the GDL, performance will suffer. If PVC is 
used, removal of the GDL allows for maximum gas diffusion, allowing for the best performance. 
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Water management does become an issue however, and as discussed in Chapter 5, structural 
failure of the MPL (and possibly CL) will occur over time. 
 Comparing between carbon cloth and carbon paper, the environmental conditions will 
dictate which should be used. If the environment of the sensor MEA is very stable, carbon cloth 
would provide the best performance. The higher air permeability allows for a greater volume of 
ethanol to enter the CL to provide a signal. If the environment is less stable, and humidity 
fluctuates greatly, carbon paper would be a better choice. While less ethanol would be provided 
to the CL, the loss of water is minimized, stabilizing performance.  
 It should be pointed out that while this work focused on JM100 and JM20 catalysts, other 
catalysts with variations in weight percent of platinum on carbon do exist. These include 40% 
platinum on carbon up to 80% platinum on carbon. These catalysts would have properties of both 
the pure platinum and the 20% platinum on carbon and would be of significant interest to study. 
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ELECTROLYTE OPTIONS AND  
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7.1 INTRODUCTION 
7.1.1 Phosphoric Acid Electrolyte 
The PVC membrane used in commercial BrASs has several significant advantages over the 
SPEs: large internal volume, chemically inert, and low cost. However, the PVC membrane cannot 
function well without electrolyte. The electrolyte is the solution which conducts protons. While 
water is a viable electrolyte, the use of acids and bases significantly increases the ionic 
conductivity of the solution [1]. Sulfuric acid is the most commonly used electrolyte in BrAS 
devices. It has very high conductivity at room temperature, low cost, and easy to obtain. 
However, sulfuric acid is also extremely corrosive and long term durability of fuel cell MEA 
components should be explored in greater detail. While sulfuric acid is the most commonly used 
as the electrolyte for BrASs, it is not the only acid that is considered. Power generating devices 
generally use SPEs, while high temperature power generating fuel cells use phosphoric acid 
electrolytes. Phosphoric acid has been found to show good ionic conductivity at room 
temperature and is used as an electrolyte in various applications [1].  
 Phosphoric acid fuel cells are employed widely in power generating devices. Therefore, 
investigation of the phosphoric acid electrolyte could be beneficial.   
7.1.2 Ceramic Carbon Electrodes 
 Ceramic carbon electrodes (CCEs) are a relatively new material considered for use in next 
generation catalyst layers for power generating fuel cells. Research has shown that these 
materials tend to be significantly more hydrophilic than Nafion binder and PTFE [2-4]. Since water 
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loss is the most significant factor effecting BrASs devices, using materials that retain water with 
greater affinity would beneficial for BrASs devices. 
7.1.3 Objective 
 The purpose of this chapter is to investigate the properties of a phosphoric acid based 
MEA compared to a sulfuric acid based MEA for alcohol sensing. As well, CCEs will be investigated 
to determine their usefulness within BrAS devices.  
7.2 MATERIALS AND EXPERIMENTAL 
7.2.1 CCE Electrodes 
 The synthesis of the CCE electrodes containing TEBS:TEOS and TPS:TEOS can be found in 
detail in Chapter 2.2.2. The Pt:Silane loadings were 60:40 wt% and 70:30 wt% for the TPS:TEOS 
and TEBS:TEOS respectively. Synthesis of these electrodes was carried out by O’rian Reid, who 
was an MSc student in the Easton group who’s projected focused on CCEs.  
 
Figure 7.1: A.) TPS and B.) TEBS 
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 The platinum loading of the TEBS:TEOS electrode was 0.67 mg/cm2 while the TPS:TEOS 
electrode was 0.38 mg/cm2. Peremetek was used as a carbon support for both CCE materials. A 
JM20 electrode with a platinum loading of 0.92 mg/cm2 was used as a control. The TEBS:TEOS 
electrode will be denoted as CCE TEBS and the TPS:TEOS electrode will be denoted as CCE TPS.  
7.2.2 Phosphoric Acid MEA 
 The synthesis of the phosphoric acid (PA) is described in detail in Chapter 2. The electrode 
used was a JM100 catalyst on carbon paper with a platinum loading of 0.87 mg/cm2. This will be 
denoted as the “PA MEA”. A MEA loaded in a similar manner to phosphoric acid was teste with 
the same electrode as a control. The sulfuric acid MEA will be denoted as the “SA MEA”.  
7.3 RESULTS/DISCUSSION 
7.3.1 CCE Electrodes 
 Figure 7.2 shows the ethanol sensor calibration curve, as well as transients for the CCE 
electrodes compared to JM20.  
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Figure 7.2: A.) and C.) Calibration curve and B.) and D.) Transients at 0.09 BAC for Nafion MEA with TPS, TEBS, 
and JM20 electrodes. Measured at 25 °C.  
 
Table 7-1: R2 values for the calibration curves measured in Figure 7.2
Electrode R2 (95% RH) R2 (45% RH) 
JM20 0.999 0.999 
CCE TPS 0.996 0.990 
CCE TEBS 0.998 0.974 
 
The calibration curves for the CCE electrodes show good linearity across the concentrations 
measured. The CCE TPS electrode shows a decline in performance from 95% RH to 45% RH. The 
CCE TEBS however shows evidence of flooding at 95% RH. Both CCE electrodes show significant 
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flooding during power generation operation [3,5], but only TEBS exhibits flooding. At 45% RH, 
the transient for CCE TEBS shows a significant rise in current from baseline. The current decay to 
baseline is hindered by a mass transport issue. At 45% RH, it appears that while CCE TEBS has 
dried out slightly, localized flooding within the CL is still of significant concern.  
 Figure 7.3 shows the analyzed sensor performance data for JM20 compared to the CCEs 
using a Nafion membrane. While literature suggests that at high current densities, flooding is of 
concern [3,5], the current densities measured during sensor operation should not be sufficient 
enough to cause flooding. However, as it has been discussed in detail in Chapter 4 and 6, flooding 
can occur with JM100 electrodes which contain no hydrophilic binder. The sensor performance 
of both CCEs show a great deal of variability. While TPS exhibits excellent 95% RH performance, 
under dry conditions the performance drops quite rapidly. It has been found that the TPS tends 
to act as a reservoir for the membrane in that under low humidity conditions the TPS back 
donates water to the membrane to ensure it remains hydrated [6].  
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Figure 7.3: Sensor performance for JM20, CCE TPS, and CCE TEBS. A.) is the raw sensitivity, B.) is mass sensitivity 
normalized for platinum loading, C.) is the sensitivity ratio between 95% and 45% RH, and D.) is the efficiency of 
the material at 95% and 45% RH 
 
Table 7-2: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 7.3, 









JM20 18.5 16.2 1.14 
CCE TPS 61.2 11.4 5.36 
CCE TEBS 5.5 17.3 0.32 
Drӓger 6.98 5.89 1.19 
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While this is beneficial for the membrane, since the power densities are not sufficient to produce 
water in the cathode, the CL remains dry which decreases performance. 
 The CCE TEBS shows comparable performance to JM20 at 45% RH, with evidence of 
flooding due to lower performance at 95% RH compared to 45% RH. It has been found that the 
sulfonic acid group within the TEBS are much more acidic than the sulfonic acid group in TPS [5]. 
Coupled with the hydrophilic silicate backbone, TEBS would retain water within the CL 
significantly better than TPS. However, since Nafion does not contain a large reservoir to hold 
the water, localized flooding becomes prominent with the CEE TEBS electrode.   
 The CVs for CCE TPS and CCE TEBS can be found in Figure 7.4 and Figure 7.5 respectively.  
As with the majority of carbon based electrode, the UOIT cell resistance coupled with the thicker 
CL, resulted in resistive CVs. While the HDR cannot be observed in the CCE TPS MEA, it can be 
resolved for the CCE TEBS MEA.  
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Figure 7.4: CV for CCE TPS MEA after 95% RH and 45% RH sensing. Measurements were obtained at room 
temperature with a N2-purged WE and H2-purged CE as the reference. 
 
Figure 7.5: CV for CCE TEBS MEA electrode after 95% RH and 45% sensing. Measurements were obtained at room 
temperature with a N2-purged WE and H2-purged CE as the reference 
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Table 7-3: ECSA Values for the JM20 MEA and the CCE MEAs after 95% RH and 45% RH sensing. 
Electrode Charge (C/cm2) ECSA (m2/gPt) 
JM20-95% RH 0.01934 44.50 
JM20-45% RH 0.02231 51.31 
CCE TPS-95% RH N/A N/A 
CCE TPS-45% RH N/A N/A 
CCE TEBS-95% RH 0.009673 30.56 
CCE TEBS-45% RH 0.004831 15.26 
 
 The RHF and interfacial resistances can be found in Table 7-4 for the two CCE materials. 
Table 7-4: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated with 




ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
JM20-95% RH 0.9404 0.185 0.255 
JM20-45% RH 1.0017 1.040 N/A 
CCE TPS-95% RH 1.20 0.185 0.515 
CCE TPS-45% RH 1.40 1.040 N/A 
CCE TEBS-95% RH 1.23 0.185 0.545 
CCE TEBS-45% RH 1.58 1.040 N/A 
 
As expected, the interfacial resistance for the CCE electrodes are higher than the commercial 
JM20. As JM20 contains a binder with a similar chemical structure to the membrane, the interface 
is expected to be better. Both the CCEs show comparable interfacial resistances, with a slight 
reduction for the CCE TPS sample. The CCE TPS contains only aliphatic groups within the silicate, 
while the CCE TEBS contains a phenyl ring which would not interface as well with the aliphatic 
Nafion membrane.  
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 Both CCEs, as well as the JM20 control, do not have the typical rehydration of the Nafion 
MEA as seen with JM100 electrodes. As the electrodes tend to be thicker than JM100, it requires 
more water to completely rehydrate. The CCE TPS has a minor increase in RHF compared to the 
CCE TEBS from 95% RH to 45% RH. As the CCE TPS has been shown to donate water to the 
membrane, the lower resistance at 45% RH for the CCE TPS indicates that such a phenomenon is 
occurring.  
 Figure 7.6 shows the EIS analysis for the CCE electrodes with a JM20 for control, along 
with the Table 6-18 which shows the calculated Rionic. The JM20 electrode shows the greatest 
ionic conductivity, as it does contain Nafion which is an extremely good ion conductor. CCE TEBS 
shows slightly reduced ionic performance at 95% RH, followed by the CCE TPS, with a significant 
increase in ionic resistance. As the CCE TEBs is more acidic, it is no surprise ionic conductivity is 
better than the TPS. The phenyl ring within the functional group of the TEBS silicate increases the 
acidity of the silica. As discussed in Chapter 1, the acidity of a given media significant impacts the 
ionic conductivity. The high ionic resistance within the CL for the CCE TPS electrode would be due 
to the back donation of the water to the membrane. This would reduce the amount of water 
within the CL, reducing ionic conductivity. 
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Figure 7.6: EIS analysis for CCE based MEAS with a JM20 control. A.) and B.) Normalized Capacitance, C.) and D.) 
Capacitance, and E.) and F.) Nyquist Plots. Measurements were obtained at room temperature with a N2-purged 
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Table 7-5: RIonic values determined from the Warburg Length within the Warburg Region for the various MEAs
Membrane RIonic/3 RIonic 
JM20-95% RH 0.50 1.50 
JM20-45% RH 0.40 1.20 
CCE TPS-95% RH 1.75 5.25 
CCE TPS-45% RH 2.00 6.00 
CCE TEBS-95% RH 0.65 1.95 
CCE TEBS-45% RH 1.80 5.40 
 
 At 45% RH, the JM20’s ionic conductivity increases. This is again due to the “break-in” 
JM20 requires to become fully activated [7]. The TPS shows a slight increase, due to the reduced 
overall water content within the system. As the CL would already be quite dry due to the back 
donation of water to the membrane, the small increase in ionic resistance is not unexpected. The 
CCE TEBS shows a large increase in ionic resistance. While it may be more acidic than the CCE 
TPS, without water to conduct the protons, resistance will increase. 
 The capacitance (Figure 7.6C and Figure 7.6D) for the CCE TPS is significantly greater for 
the CCE TEBS and JM20. This greater surface area would explain the superior 95% RH 
performance of the CCE TPS electrode, as there are more catalytic sites available for ethanol 
oxidation. The capacitance at 45% RH would be attributed to the rehydration of the CL and Nafion 
during diagnostic testing. As with all carbon based Nafion MEAs however, the thicker CL limits 
the rehydration rate. This would also affect the measured capacitance and ionic conductivity of 
the CL at 45% RH. Under drier conditions, the capacitance would decrease substantially. 
However, this is not observed, indicating the thicker CL is not hindering the hydration of the CL.  
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 The capacitance of the CCE TEBS decreases in value from 95% RH to 45% RH. This would 
indicate that rehydration of this layer is slower compared to the CCE TPS electrode. CCE TEBS also 
contains less silicate than the CCE TPS, and this would also contribute to the difference in 
capacitance with respect to the CCE TPS. The CCE TPS does contain more silicate, which in turn 
could absorb water at a higher rate compared to the CCE TEBS which contains less silicate.  
 The normalized capacitance (Figure 7.6A and Figure 7.6B) shows the higher ionic 
conductivity of the CCEs, as the acid groups within silicates can increase the ionic conductivity. 
At 45% RH however, it is observed the JM20 has the highest ionic conductivity, and this would be 
attributed to the CCE electrode donating water to the membrane to ensure it remains hydrating, 
sacrificing the ionic conductivity within the CL.  
7.3.2 Phosphoric Acid Based System 
 Phosphoric acid fuel cells (PAFCs) are used commercial in higher temperature power 
generating applications [8]. While phosphoric acid electrolyte was used along with sulfuric acid 
electrolyte in the 70s, it is more corrosive behavior on platinum and carbon systems limited the 
life of the devices [1]. However, with modern fabrication techniques of electrodes for fuel cells, 
it was decided to investigate how phosphoric acid electrolyte would behave in a modern system. 
 The ethanol sensing calibration curve and transients, found in Figure 7.7, for the SA MEA 
and PA MEA show no abnormalities. No evidence of flooding is observed as well. 
 Figure 7.8 shows the performance of a MEA loaded with 4M phosphoric acid compared 
to a MEA loaded with 4M sulfuric acid.  
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Figure 7.7: A.) and C.) Calibration curves and B.) and D.) Transients at 0.09 BAC for SA MEA and PA MEA. 
Measured at 25 °C. 
 
Table 7-6: R2 values for the calibration curves measured in Figure 7.2
MEA R2 (95% RH) R2 (45% RH) 
SA-MEA 0.991 0.986 
PA-MEA 0.999 0.999 
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Figure 7.8: Sensor performance for PVC loaded with phosphoric acid (PVC-PA) and PVC loaded with sulfuric acid 
(PVC-SA). A.) is the raw sensitivity, B.) is normalized for platinum mass sensitivity, C.) is the sensitivity ratio 
between 95% and 45% RH, and D.) is the efficiency of the material at 95% and 45% RH 
  
Table 7-7: Sensitivities (Normalized at 95% RH and 45% RH) and Ratio for the materials observed in Figure 7.8, 









PA-MEA 16.95 15.67 1.08 
SA-MEA 22.06 18.62 1.18 
Drӓger 6.98 5.89 1.19 
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 The performance differences between the two electrolytes is very small, but the sulfuric 
acid does show slightly increased performance. However, the PA MEA shows better stability. As 
sulfuric acid is more acidic, with a lower pKa compared to phosphoric acid, it should be no 
surprise that sulfuric acid would have a higher ionic conductivity. Even at the current densities 
measured in the sensor, this advantage in ionic conductivity is sufficient to show an appreciable 
increase in performance, at a cost however of stability. 
 Figure 7.9 shows the CVs of the two electrolytes loaded into the MEA at 95% RH. Again, 
as with all PVC membranes, 45% is too resistive to obtain proper CVs and thus is not shown.  
 
Figure 7.9: CVs for the Phosphoric Acid loaded MEA and Sulfuric Acid loaded MEA at 95% RH. Measurements were 
obtained at room temperature with a N2-purged WE and H2-purged CE as the reference 
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Table 7-8: ECSA Values for JM100 and JM20 after 95% RH and 45% RH sensing.
MEA Charge (C/cm2) ECSA (m2/gPt) 
SA-MEA 0.03985 74.5 
PA MEA 0.02043 49.7 
 
Both MEAs show characteristic peaks, with the SA MEA showing better resolution of the HDR. As 
sulfuric acid has greater hygroscopic effects compared to phosphoric acid, it is able to retain more 
water, and thus hydrate the CL better than the phosphoric acid.  
 Table 5-7 shows the interfacial resistance, as well as RHF two acid loaded MEAs. 
Table 7-9: Interfacial resistance of the GDL/membrane interface. Interfacial Resistance can only be estimated with 




ex-situ ASR (Ω cm2) 
Interfacial 
Resistance (Ω cm2) 
SA-MEA-95% RH 1.20 0.60 0.1 
SA-MEA-45% RH 1.37 2.03 N/A 
PA-MEA-95% RH 1.99 1.56 0* 
PA-MEA-45% RH 2.02 3.02 N/A 
  
 The interfacial resistance for the PA MEA was calculated as 0. While 0 is not expected, a 
low interfacial resistance is not unexpected. The PA membrane was calculated to have a much 
larger ex-situ conductivity compared to the SA membrane. Therefore, within instrument error, 
both electrolytes exhibit similar interfacial resistances.  
 The stability of the PA-MEA is also demonstrated here. While the SA-MEA shows a larg 
increase in RHF from 95% RH to 45% RH, the PA-MEA shows a much smaller increase. This would 
also explain the greater stability of the PA-MEA in terms of sensor performance.  
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7.4 CONCLUSIONS 
 The purpose of this study was to first investigate the viability of CCE electrodes for sensor 
performance capabilities. Secondly, the electrolyte composition was investigated to identify 
which electrolyte would yield desirable responses for sensor applications.  
 Both TPS and TEBS showed very unique performance with respect to one another. 
Although they are both silicates, the functionality of the sulfonic acid side chain significantly 
changes the properties of the material. While TPS shows extremely good performance at 95% 
RH, surpassing the JM20. While the Nafion binder does have much better ionic conductivity, the 
hydrophilic nature of the CL improves the overall water content in the CL, which allows for more 
of the CL to be hydrated. This allows for a greater number of catalytic sites to be available for 
ethanol oxidation, further improving donation. Consequently however, the sacrificial donation of 
water to the membrane causes significant performance losses at 45% RH. TEBS, on the other 
hand, suffers from significant flooding issues, even at 45% RH. Due to the greater acidity of the 
sulfonic acid within the silicate material, the amount of water retained in the CL would be 
effecting gas diffusion into the CL. This would have the effect of reducing the overall performance 
of this catalyst. One solution for the TEBS is reducing the silicate loading of electrodes. By using 
less silicate, the overall water content within the CL would be reduced, reducing the flooding 
issues. As well, by using a PVC membrane instead of Nafion, the water management would not 
be solely placed onto the CL, and thus performance may improved with both ceramic electrodes.  
 The sulfuric acid electrolyte is used commercial in BrASs, and the work performed here 
confirms the superior performance of sulfuric acid over phosphoric acid as an electrolyte. The 
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CVs show that more of the CL is hydrated using SA. SA has greater hydroscopic properties, and 
thus when it enters the CL layer, it will also carry more water, allowing for better hydration of the 
CL layer as a whole. 
 Phosphoric acid does have advantages in terms of stability however. The sensor 
performance would indicate that the PA would be more stable to changes in environmental 
conditions compared to that of sulfuric acid. Thus, the choice of electrolyte would depend mainly 
on the environmental conditions. While 100% RH is not studied in this work, the hygroscopic 
effects of sulfuric acid in very humid environments may be detrimental to performance of a 
sensor. Phosphoric acid, as it is less hydroscopic, would absorb less water and less likely to flood 
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Chapter 8  
SUMMARY AND FUTURE 
DIRECTIONS 
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8.1 SUMMARY AND FUTURE DIRECTIONS 
 In this thesis, various fuel cell materials were extensively evaluated for their application 
in breath alcohol sensing devices using detailed materials and electrochemical characterization. 
The three major components of the fuel cell (membrane, catalyst, and gas diffusion layer) were 
evaluated in a sensors, as well as characterized through ex-situ testing both in and out of the fuel 
cell.  
 In order to evaluate the components of the fuel cell for their application in a sensor, a 
procedure was created that allowed for conditioning of the fuel cell to various environmental 
conditions, as well as to diagnose the components to identify which factors are important for 
sensing applications. A sensor testing station was developed that improved the efficiency of 
sensor testing. This station mimicked real world testing conditions and minimized the time 
required for sensor analysis. A fuel cell was also specifically designed for this station as well that 
allowed for the membrane electrode assemblies (MEA) to be conditioned at a given 
environmental condition, as well as allow for ex situ diagnostic testing that involved 
electrochemical analysis through cyclic voltammetry as well as electrochemical impedance 
spectroscopy. This station and fuel cell were evaluated by comparing the sensor response of the 
fuel cell with a commercial MEA to a commercial cell that used the same MEA. The work here, as 
well as previous work has demonstrated that this testing procedure correlates to how a MEA 
analyzed in our fuel cell would behave in a commercial cell [1].  
 The work presented here went further to measure the response of the sensor at various 
humidity conditions. As a sensor deployed for field use will be exposed to various conditions, 
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measuring the sensor response, and subsequent ex situ diagnostic testing after the various sensor 
testing was important to evaluate how a MEA would behave under the environmental conditions.  
 The first materials analyzed were the common solid polymer electrolytes (SPEs) that have 
found significant use within the power generating fuel cell community [2]. These include Nafion 
and sulfonated poly (ether ether ketone) (SPEEK), as well as composites of these two membranes 
that combine the SPE with silicate materials. As the commercial materials use platinum black as 
the electrode of choice for the ethanol oxidation reaction/oxygen reduction reaction, they were 
used as the electrodes for this study as well. While the SPEEK/silicate composite showed promise 
in its ex situ conductivity and water uptake, the poor interfacial contact of the electrode to the 
SPEEK, as well as the overall brittleness that that silicates imparted onto the composited created 
a material that was unsuitable for sensor applications. The SPEEK membrane, which has a greater 
water content to that of Nafion, showed evidence of severe flooding at the 95% relative humidity 
(RH) environmental condition. At 45% RH, the flooding issue was resolved for SPEEK, but the 
water content available at 45% RH in both the membrane and CL limited the performance of the 
SPEEK.  
 Nafion showed evidence of flooding as well, with improved performance at 45% RH when 
the localized flooding issue was resolved. This had been a common theme to Nafion MEAs that 
are composed of platinum black on carbon fiber paper. As Nafion does not have the internal 
volume to retain water to a large degree, nor does the catalyst layer (CL), water begins to flood 
the interface between the membrane and CL, affecting performance. The Nafion/silicate 
composite showed lower performance at both 95% RH and 45% RH compared to Nafion, but the 
calibration data showed better stability in the two environments. The hydrophilic properties of 
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the silicates allow for water to be retained far better than that of the unmodified Nafion. This 
allows for the Nafion/silicate composite to act as a reservoir for the CL to ensure it remains 
hydrated.  
 The diagnostic testing of the Nafion materials showed almost no change in membrane 
properties, including resistance and hydration state of the CL. This would indicate that during the 
diagnostic testing, the humidified N2 and H2 allow the membrane to absorb the water from these 
gases to rehydrate. The SPEEK showed evidence of slight rehydration as well, but the ability of 
the SPEEK material to reabsorb water from the environments was limited compared to Nafion. 
Therefore, the increase in ionic resistance for the SPEEK membrane from 95% RH to 45% RH 
explains the sensor performance decrease.   
 Following analysis of the SPEs, commercially used porous PVC membrane was 
characterized. Compared to Nafion, PVC shows superior water-uptake, ionic conductivity, and 
chemically stability. As 4M sulfuric acid is used as the electrolyte, it is no surprise the conductivity 
of PVC is superior to Nafion at room temperature, as Nafion has maximum performance at 80 °C 
[2]. Along with the commercially used PVC, modifications to PVC were studied to investigate how 
performance would be effected. These included composites of PVC with both silicates and 
Nafion, as well as chemically modification of the PVC with the introduction of hydrophilic regions. 
 The PVC/Nafion composite showed a sharp decrease in ionic conductivity and water-
uptake compared to the unmodified PVC. As the 4M sulfuric acid is the main factor that 
influences ionic conductivity, introducing Nafion into the pores blocks the pores, and thus limits 
ionic conductivity. As well, water-uptake would be effected for the same reason. The 
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PVC/Silicates showed the same trend as well, with decreases in both ionic conductivity and 
water-uptake compared to the PVC. When placed into the sensor, both PVC and the PVC/silicate 
composite showed comparable performance, while the PVC/Nafion composite showed 
extremely poor performance. PVC/Nafion had an extremely high interfacial resistance, 
consequently due to the Nafion within the pores of the PVC. This would indicate that the Nafion 
formed within the pressed spheres to hinder the movement of ion transport across the PVC, and 
instead created higher tortuosity within the pores, increasing resistance. The PVC/Silicates had 
slightly increased ionic resistance compared to the PVC due to the introduction of the hydrophilic 
silicates into the pores of the PVC. It was found however that the PVC/Silicates were able to 
match the performance of the PVC while requiring significantly less water to do so. This would 
show that while the silicates may block pores within the PVC from retaining water, but the 
introduction of the silicates creates a less tortuosity path for the ion transport within the PVC, 
limiting the water required for efficient operation.  
 Both the chemically modified PVC samples (sulfonated PVC and ethanolamine PVC) 
showed extremely promising ex situ results: increased ionic conductivity and water-uptake with 
respect to the unmodified PVC. The hydrophilic surface of these PVC materials however greatly 
increased the interfacial resistance of the electrode to the surface of the membrane. This reduced 
the performance of the MEAs with these membranes. As well, the sulfonated PVC sample showed 
significant evidence of localized flooding. Due to the extremely high content of water within the 
pores of the sulfonated PVC, excess water is unable to remain trapped within the pores and thus 
floods the catalyst layer/membrane interface. This has the effect of reducing performance. At 
45% RH, the sulfonated PVC is sufficiently dry to show promising sensor performance, while the 
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PVC ethanolamine membrane showed no sensor performance at 45% RH, due to the high 
interfacial resistance of the material.  
 Aging of the PVC and sulfonated PVC showed very promising results for the chemically 
modified sample. While structural integrity of the microporous layer (MPL) greatly reduces the 
performance of the MEAs, the sulfonated PVC membrane showed much better stability to 
changes in RH compared to the unmodified PVC. As the membranes age, regions within the CL 
that may not have been hydrated at beginning of life have time to become hydrated, improving 
CL performance over time.  
 Along with membrane characteristics, CL factors were investigated to determine their 
impact on sensor performance. This was performed using the commercially used PVC membrane, 
as well as the more common Nafion SPE. With respect to Nafion, platinum on carbon (Johnson 
Matthey 20 (JM20)) shows much better performance compared to the platinum black electrodes 
(Johnson Matthey 100 (JM100)). As JM20 uses Nafion as the binder, it reduces the overall 
interfacial resistance between the membrane and CL, improving performance. As well, the much 
more porous JM20 catalyst is able to absorb excess water at the CL/membrane interface, 
preventing the flooding issues observed in the JM100/Nafion MEAs. The PVC membrane also 
shows improved raw performance using a JM20 electrode vs. a JM100 electrode, but stability is 
reduced. The JM100/PVC MEA do not suffer from flooding issues as the excess water can move 
into the porous PVC under high humidity conditions. The improved performance of JM20 over 
JM100 is due to the increase in surface area of the catalyst, allowing for more catalytic sites to 
be exposed for ethanol oxidation. The larger pores of the JM20 also allow for greater gas diffusion 
into the catalyst layer, improving performance. The larger pores come at a cost however, as they 
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also allow for water to evaporate more readily in drier environments. As well, the higher porosity 
of the JM20 requires more water to remain adequately hydrated, causing the issue to exacerbate 
further.  
 The properties of the GDL with both JM100 and JM20 were investigated using Nafion and 
PVC as well. With respect to the Nafion membrane, the performance of CL were identical and 
dependent on the GDL used. Carbon cloth showed the best performance at 95% RH compared to 
carbon paper and no GDL. With JM100, flooding was an issue when carbon paper was used, but 
this issue was removed upon use of a carbon cloth GDL or removal of the GDL. The capacitance 
data shows increase for the carbon cloth and non-GDL sample, indicating that water that could 
potentially flood the CL/membrane interface is able to move into and hydrate the MPL. The non-
GDL sample showed poorer performance with respect to the carbon cloth sample, and this was 
due to structural issues of the swelling and relaxing of the Nafion membrane, stressing both the 
MPL and CL to cause performance decreases. The JM20 catalyst on the three GDL types showed 
similar patterns to the JM100 catalyst. The flooding of the carbon paper sample was resolved due 
to the water able to enter the more porous catalyst layer. Carbon cloth showed slightly higher 
performance compared to the carbon paper at 95% RH, but lower performance at 45% RH. This 
is attributed to the higher air permeability of the carbon cloth, which allows water to escape 
more readily, drying out the membrane and CL. The non-GDL MEA showed the worst 
performance due to structural issues placed onto the Cl and MPL with structural support from a 
GDL.  
 When PVC is used as the membrane, the performance of the non-GDL sample is highest 
for both JM100 and JM20 while the carbon cloth sample shows similar performance to the carbon 
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paper at 95% RH for both catalysts. Since PVC does not swell, at BOL at least, there is no structural 
stress placed onto the CL and MPL, allowing for maximum hydration of the CL, as well as 
maximizing gas diffusion to the CL. This greatly improves the amount of ethanol that can reach 
the CL to oxidize. Carbon paper and carbon cloth show similar 95% RH performance, with carbon 
cloth showing a greater drop in performance compared to the carbon paper. As carbon cloth has 
greater air permeability, water escapes more readily, drying out the CL. The non-GDL MEAs would 
suffer from the same consequence, however with the increase in the amount of ethanol reaching 
the catalytic sites, performance remains high.  
 Finally, the effects of phosphoric acid, as well as using carbon ceramic electrode (CCEs) 
were investigated to determine their impact on fuel cell performance. With regard to phosphoric 
acid electrolyte, sulfuric acid electrolyte is generally superior in terms of overall performance at 
both 95% RH and 45% RH. The stability of phosphoric acid however is very good, and thus does 
indicate this could be used as an alternative to sulfuric acid, although corrosion studies of the 
MEA would need to be performed to determine if corrosion of phosphoric acid is a concern. The 
CCE TPS showed improved performance over a commercial electrode, with a significant drop in 
performance at 45% RH. As it has been found this CCE can back-donate water to the membrane 
[3], in the drier conditions, the evaporation of water and back donation of the water significantly 
dries out the CL, reducing performance. The CCE TEBS on the other hand shows flooding at 95% 
RH due to the excellent ionic conductivity of the material. At 45% RH, performance increases as 
the CL/membrane interface dries.  
 The results obtained in this thesis highlight the important factors that contribute to fuel 
cell sensor performance. The management of water is of the most significant concern when 
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designing a fuel cell sensor device. Too much water causes flooding, which limits performance, 
while too little limits ionic transport, with a similar decrease in performance. While it is difficult 
to assess specifically which materials would achieve the best performance over long term 
sensing, general characteristics can be discussed. First, porous materials showed better 
performance to materials that were less porous. This includes membranes, catalysts, and GDLs. 
Porous membranes allow for greater water retention, which increases stability. Porous catalysts 
layers can absorb excess water, preventing flooding, as well as increase the surface area for more 
ethanol to reach catalytic sites, as well as increase air permeability within the CL. Finally, GDLs 
that have higher gas permeability allow for more ethanol to reach catalytic site, improving 
performance. The porosity of the GDL however comes with the consequence that water 
retention is effected in drier in conditions.  
 Secondly, the thickness of a given component can impart significant differences on 
performance. Generally speaking, thicker materials tend to have properties more suited for 
sensor applications. Comparing PVC to Nafion, PVC shows much greater stability and general 
overall sensor performance to the much thinner Nafion. The thicker PVC can retain more water, 
and hence have improved stability at lower RH conditions. A thicker catalyst layer also can handle 
the excess water that may be present under high humidity conditions. Thicker catalyst layers will 
absorb excess water to prevent flooding. A thicker GDL as well would have the same effect as 
well.  
 While solid conclusions can be drawn from this study, limitations in the diagnostic testing 
need to be addressed for further study on SPEs. In particular, the Nafion materials that absorb 
water during diagnostic testing: this can be addressed by controlling the humidity of the nitrogen 
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and hydrogen that are used to purge the anode/cathode. By controlling the humidity of these 
gases, rehydration of the MEA would be limited, and ex-situ analysis would correlate to how the 
MEA behaved in the lower RH environment during sensor testing.  
 Further research can investigate other catalyst materials, including alloys such as 
platinum-tin and platinum-ruthenium that show improved performance for the ethanol 
oxidation reaction. Catalysts layers can be created that contain a binder that is specifically 
tailored for a membrane: SPEEK binders with SPEEK membranes for example showed improved 
performance by a reduction in the interfacial resistance, which could improve water transport 
across the interface [4]. Thicker SPE materials could also be investigated. Nafion 117 is a thicker 
variant of the Nafion membrane group, as well as Nafion membranes that are created for the 
chloro-alkali process. SPEEK can also be manufactured in such a way that the membrane is 
significantly thicker. Other SPEs can be investigated, including sol-gel membranes and 
polybenzimidazole, which is commonly used in PAFCs.  
 While this work focused on various relative humidities at a constant temperature, the 
effects of temperature on performance should be investigated. It is well known that temperature 
can significant effect power generating fuel cell performance, and in a country such as Canada, 
where temperature can range from -30 °C to +30 °C, investigation of how temperature will effect 
sensor behavior is extremely important. The advantage to this is the diagnostic tests can also be 
used to control the temperature of the gases entering the fuel cell, and thus properties of the 
sensor at a given temperature can also be deduced from the ex situ tests after sensing.  
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 Incorporating a water diagnostic test would be extremely beneficial to examine how 
water moves through a sensor MEA at various environmental conditions. Various techniques 
have been used for power generating devices both in-situ and ex-situ of the fuel cell. These 
include optical images of the cathode/anode, neutron imaging of the MEA during operation, 
synchrotron x-ray radiography of both the MEA and GDL layers, and electron microscopy to name 
a few [5]. Incorporating any of these techniques with the electrochemical analysis performed in 
this work would give scientists an unprecedented view into the workings of one of the most 
commercial viable fuel cell devices on the market today.  
 While it may be premature to recommend a perfect MEA for sensor applications, the work 
presented here has significantly narrowed the field that could be investigated. However, the use 
of JM20 over JM100 is definitely recommended, as the performance between the two are similar. 
As well, JM20 significantly reduces the amount of platinum required for good performance, and 
thus would overall reduce the cost of the MEA. PVC with incorporated sulfonated silicates also 
showed extremely good performance while reducing the amount of water required for adequate 
performance. By relying less on water, flooding and leaching of acid is significantly reduced, 
which could improve the life of the MEA. Detailed optimization of silane loaded would be 
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